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ABSTRACT 
The temperature phased anaerobic biofilter-ASBR system is a new system that has 
been developed at Iowa State University. The temperature phased system employs a first 
stage thermophilic (55 °C) biofilter reactor followed in series by a second stage mesophilic 
(35 °C) anaerobic sequencing batch reactor (ASBR). The idea of temperature phased 
anaerobic treatment is to eliminate the disadvantages of both thermophihc (poor organic 
removals) and mesophilic (long retention times) temperatures while retaining the advantages 
of both these temperatures (fast reaction rates at thermophilic temperatures and good organic 
removal efficiencies at mesophilic temperatures). 
Three temperature phased systems were operated in the laboratory for the diiration of 
this study. The systems were fed nonfat dry milk at hydraulic retention times (HRTs) 
ranging firom 14 to 30 hours. This was accomplished by operating the second stage ASBRs 
at constant HRTs of 24, 18, and 12 hours, and changing the HRT of the first stage biofilters 
between 6 and 2 hours. 
The temperature phased system was able to achieve TCOD removals in excess 90% at 
system loads up to 26.8 g COD/L/day and SCOD removals in excess of 94% at these same 
organic loads at all HRTs tested. The temperature phased system performed equally at all 
HRTs and organic loads tested with the largest difference in organic removal efficiency 
between operating conditions of 5%. 
The second stage mesophilic ASBR was able to compensate for the declining 
efficiency of the first stage thermophilic unit as organic load was increased. Volatile fatty 
acid production remained low in the second stage ASBR even as volatile fatty acid 
ix 
production increased dramatically in the first stage biofilter. The concentration of propionic 
acid was greater in the first stage biofilter than the concentration of acetic acid with both 
acids being degraded in the second stage ASBR. 
The temperature phased system is a stable and resilient system as evidenced by its 
quick and complete start-up 54 hours after a 14 day shutdown. Overall, the temperature 
phased system performs better than either a thermophilic biofilter or a mesophilic ASBR 
operated with the same substrate and at similar organic loads and HRTs. 
X 
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INTRODUCTION 
The anaerobic digestion process has been applied to virtually all kinds of wastes, 
including agricultural, industrial, and municipal streams. In treating these wastes, anaerobic 
digestion has been carried out by a wide variety of systems at either thermophilic (55 °C) or 
mesophilic (35 °C) temperatures. The first types of systems were continuously mixed and 
continuously fed digesters, meaning that the hydraulic retention time (HRT) was equal to the 
solids retention time (SRT). The first major advance in anaerobic technology came in 1955 
when Schroepfer et al. (1955) placed a clarifier after a conventional anaerobic digester and 
solids were recycled back to the digester fi^om the bottom of the clarifier. This modification 
separated the HRT fi-om the SRT, allowing the anaerobic process to become high-rate, due to 
its ability to hold solids within the system. 
Two significant developments in anaerobic treatment technology were the anaerobic 
biofilter and the anaerobic sequencing batch reactor (ASBR). The anaerobic biofilter is a 
process in which anaerobic bacteria attaches to media within a packed column. Waste is 
passed through the column, allowing the biomass to reduce organics into methane and carbon 
dioxide. The anaerobic biofilter was developed by Young and McCarty (1969). The 
advantages of the anaerobic biofilter over conventional digesters is its ability to hold biomass 
within the reactor. This allows the system to be operated at a short HRT while maintaining a 
long SRT. This system allows for the treatment of high strength soluble wastes with the 
flexibility of absorbing shock loadings (Kennedy and van den Berg, 1981; Caine et al., 
1991). 
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The ASBR is a suspended growth, batch fed system employing four phases: feed, 
react, settle, and decant. The initial idea for the ASBR system was by Dague and McKinney 
(1966). Further development of the ASBR system occurred at Iowa State University (Sung 
and Dague, 1992). The key to treatment with the ASBR is that it allows a settle mode within 
the reactor vessel itself The settle mode allows the ASBR to retain solids, allowing the 
ASBR to run at short HRTs while maintaining long SRTs. The ASBR selects for the more 
active granular biomass which settles better and allows the ASBR to accept even higher 
organic loadings than with flocculant sludge (Sung and Dague, 1992). 
The two temperature ranges commonly used in anaerobic treatment of waste are 
mesophilic (-35 °C) and thermophilic (-55 °C). Each of these operating temperatures carries 
a specific set of organisms unique to that temperature. Also, there are advantages and 
disadvantages associated with operating an anaerobic system at either of these temperatures. 
Thermophilic temperatures offer the advantages of very fast reaction kinetics. The minimum 
SRT needed for complete anaerobic digestion at thermophilic temperatures is approximately 
3 days. However, thermophiUc bacteria generally do a poor job in removing organics in 
comparison with mesophilic bacteria. Due to the poor effluent quality and production of 
volatile fatty acid intermediates, thermophilic bacteria have a reputation of being odorous. 
The advantage of mesophilic bacteria is that they do a very good job of removing these 
intermediate organics from waste stream. However, the minimiun SRT is 10 days for 
mesophilic treatment showing a slower growth rate than the thermophilic bacteria. 
The principal of temperature-phasing is simple. By utilizing the less efficient but fast 
growing thermophiles at a low HRT, a small first stage thermophilic unit can reduce most 
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organics. A second stage mesophilic unit is then employed to remove remaining organics 
and intermediates. By combining temperatures in this way the advantages of both 
thermophilic (fast reaction rates) and mesophilic (high efiBciency) temperature ranges can be 
used while eliminating the disadvantages of each. 
The temperature-phased system was first developed at Iowa State University when 
Harris and Dague discovered that poor quality effluent firom a thermophilic anaerobic 
biofilter fed nonfat dry milk (NFDM) was converted to methane when fed to a mesophilic 
anaerobic biofilter (Harris, 1992). Further studies by Kaiser supported this observation and 
found that the system was capable of achieving in excess of 80% removal of total chemical 
oxidation demand (COD) at loads up to 25 g COD/L/day at system HRTs as low as 24 hours 
(Kaiser et al., 1995). 
The purpose of this study was to test the hypothesis that very efficient organic 
removals and performance could be accomplished using a first stage thermophilic anaerobic 
biofilter followed by a second stage mesophilic ASBR. A first stage biofilter was chosen due 
to the capability of the biofilter to be operated at high organic loads and to be resistant to 
shock loads. A second stage ASBR was chosen because it can achieve very high organic 
removals and is also very tolerant of solids. Kaiser's study failed due to plugging of the 
second stage biofilter which occurred fi-om solids carry over fi-om the first stage biofilter 
(Kaiser, et al., 1995). This concern was addressed with the implementation of a second stage 
mesophilic ASBR instead of a biofilter. 
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LITERATURE REVIEW 
This literature review attempts to describe work previously done on most facets of the 
temperature-phased anaerobic biofilter-ASBR process. To this end, this section is divided 
into seven main sections. These sections include: Introduction, Physiology of Anaerobes, 
Environmental Parameters, Anaerobic Filter, Anaerobic Sequencing Batch Reactor, and 
Temperature Phasing. 
Introduction 
In 1861, Louis Pasteur noted that not only was there a group of microorganisms that 
grew without oxygen, but also that oxygen was toxic to this group. This group has become 
know as the anaerobic group of microorganisms. Since then, there have been numerous 
studies on the anaerobic bacteria and the definition of an anaerobic bacteria has changed 
considerably. There are several subdivisions of anaerobic bacteria. The facultative anaerobic 
bacteria use oxygen as an electron acceptor, but can use a substitute such as nitrate. The 
microaerophilic bacteria are actually stimulated by very low levels of oxygen, but a high 
concentration of oxygen is toxic to them. 
The focus of this study and review is the obligate anaerobes. These microorganisms 
have no immunity or pathways to handle the toxicity of oxygen, therefore, oxygen is toxic to 
them. They grow in reducing environments with many different electron acceptors, such as 
carbon dioxide, sulfate, nitrate, and even iron. These microbes are characterized by low 
energy yields, stemming from their inability to use oxidative phosphorylation. They live in 
synergistic environments where the end products of one species become the substrate for 
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another. 
Physiology of Anaerobes 
The essential physiological difference between obUgate anaerobes and facultative and 
aerobic microorganisms is that the latter two have the ability to use molecular oxygen for 
respiratory or metabolic purposes (Holland et al, 1987). One must keep in mind that in most 
other respects, anaerobic and aerobic microorganisms are very similar. This includes many 
comparable structures such as cell walls, ribosomes, genomic material, and the cytosol. It 
follows from this that the intermediate metabolism and biosynthetic pathways are similar for 
both anaerobes and aerobes. There is a vast diversity of anaerobes that can be classified in 
much the same way as aerobes with regards to substrate, energy, and temperature. There are 
photolithotrophs, photoorganotrophs, chemolithotrophs, and chemoorganotrophs along with 
thermophilic, mesophilic, and pyschrophilic types. 
Energy production for cell synthesis is the principal activity of both aerobic and 
anaerobic microorganisms. Energy is generally stored in a cell in the form of adenosine 5 -
triphosphate (ATP). ATP is formed from the phosphorylation of adenosine 5-diphosphate 
(ADP) and inorganic phosphate. The hydrolysis or synthesis of ATP is associated with the 
release or absorption of energy (32 kJ per mol) (Holland et al, 1987; Stams, 1994). 
However, in biological process, an energy difference of 60 to 70 kj/mol is required for 
irreversible synthesis of 1 mol of ATP, including heat losses (Stams, 1994). 
Oxidative phosphorylation is the primary method by which aerobes store energy in 
the form of ATP. The reaction reduces NAD^ (nicotinamide adenine dinucleotide) to NADH 
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which is in turn oxidized by molecxilar oxygen. The energy yield for this reaction is -217 
kJ/mole and is sufficient to synthesize about 7 ATP molecules at 100% efficiency. As will 
be discussed later, anaerobic bacteria have a considerably harder time generating energy, due 
to low energy yields of their phosphorylation methods. This is due, in part, to the small 
change of redox potential during phosphorylation. The energy yield/use can be linked to the 
redox potential by the following relationship 
AG°' = -nFA£; (1) 
where F is the Faraday constant (96.6 kJA^/equiv) and n is the nimiber of electrons involved 
in the redox reaction. The (DEQ" for oxidative phosphorylation is 1130 mV. 
Energy storage and release has three mechanisms in anaerobic bacteria and all involve 
the transfer of hydrogen (H*). The first of these mechanisms is photophosphorylation. This 
process has to do with light reactive molecules in the cell membrane. Organisms using this 
mechanism, essentially, harvest light energy for synthesis. This mechanism, although 
important in the overall scheme, is not important to this review and will be discussed no 
further. The other two mechanisms for production of energy are substrate level 
phosphorylation (SLP) and electron transport linked phosphorylation (ETLP). These two 
mechanism are often times used in conjunction with each other to make ATP formation 
favorable. 
Substrate level phosphorylatioii 
SLP is also known as anaerobic fermentation and involves the synthesis of ATP via 
covalently linked energy-rich intermediates. The mechanisms involved in the specific SLP 
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reactions leading to ATP formation have been understood for a long time (Holland et al., 
1987). The electron carrier for this process is NADH, with the substrate acting as the 
election donor, and ADP as the electron acceptor. Figure 1 shows a simplified scheme of 
SLP with glucose as the electron donor. In this case, glucose donates an electron for the 
formation of ATP and in the process is oxidized to two pyruvate molecules. 
2 ADP + Pi 2 ATP 
GLUCOSE 
2NAD+ 2 NADH + H+ 2 PYRUVATE 
(3C) 
2 LACTATE 
(3C) 
Figure 1. Highly simplified scheme of substrate-level phosphorylation by oxidation of 
glucose to lactate. 
One of the consequences of anaerobic femientation is the energy limitation due to the 
fact that donor chemicals can not be fully oxidized. The consequences of this are threefold 
(Holland e/a/., 1987): 
(1) The environment accimiulates large quantities of end-products of 
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fermentation, the reduced organic electron acceptors. This means that other 
organisms are necessary to remove these end products. 
(2) In order for rapid growth to occur, there needs to be rapid throughput of 
nutrient substrate. 
(3) To utilize the wide range of substrates present in the environment, many 
metabolic pathways have evolved in anaerobes. 
One of the other problems of using SLP is that anaerobic bacteria tend to overproduce 
reducing power. They dissipate this by over reducing electron acceptors or by reducing 
protons to hydrogen by hydrogenase (Holland et ai, 1987). Some anaerobes can also reduce 
bicarbonate to get rid of reducing power. Anaerobic bacteria often have the ability to take a 
common intermediate and branch to many different endpoints, each with a different ATP 
producing efficiency. These branches regtilate reducing power based on substrate type and 
concentration. One of these common intermediates is pyruvate, which is an intermediate 
product from the fermentation of carbohydrates. Figure 2 shows the various end products 
that can be formed from pyruvate (Neidhardt et ai, 1990). 
Electron transport linked phosphorylation 
ETLP, also known as anaerobic respiration, is essentially oxidative phosphorylation, 
except that the electron acceptor oxygen is replace by a substitute electron acceptor. The 
substitute electron acceptor is reduced with the transfer of electrons used to form ATP. Table 
1 (Holland et ai, 1987) shows examples of alternate electron acceptors for ETLP in 
anaerobes. Figure 3 shows a typical reaction in which ETLP is used to produce energy 
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Figure 2. Fermentation end products that various bacteria form from pyruvate 
(Neidbardt et al., 1990). 
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Table 1. Electron acceptors used in ETLP in anaerobic microorganisms (Holland et 
al., 1987). 
Microorganism Final Electron Acceptor Product 
Methanogens C0^ CH4 
Sulfate Reducers 804'- H,S 
Nitrate Reducers NOj- NO2-
Range of Anaerobes Fumarate Succinate 
Iron Reducing Bacteria Fe'" Fe'" 
Manganese Reducing Bacteria Mn'" Mn^" 
(Holland et ai,  1987). In this example, the hzcXenzDesulfovibrio, uses sulfate as an electron 
acceptor. The sulfate is transported through the cell wall into the cytoplasm. Here ATP is 
used to activate the sulfate to adenosine phosphosulphate (APS), giving it a redox potential (-
60 mV) high enough to serve as an election acceptor. The APS is reduced four times by a 
total of eight electrons to produce sulfide (S^") which eventually leaves the cell as H^S. The 
eight electrons used in sulfate reduction are taken from four hydrogen molecules, resulting in 
eight protons leaving the cell. This adds to the proton gradient that drives ATP production. 
In this process, two lactates are oxidized to two acetyl phophatases by the enzymes lactate 
dehydrogenase and pyruvate ferredoxin oxidoreductase. The acetyl phosphate can be used 
with a SLP process to regenerate ATP which in turn is used to activate sulfate to APS. The 
oxidation of lactate also produces eight electrons that are donated to eight protons by the 
hydrogenase C326OOO complex to form four hydrogen molecules. The eight protons come 
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CYTOPLASMIC 
MEMBRANE OUT 
ATP 
APS 
APS REDUCTASE 
SO3- + AMP 
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8H 
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DIFFUSION 
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2 LACTATE 
LACTATE 
DEHYDROGENASE 
2 PYRUVATE PYRUVATE 
, J FERREDOXIN 
\ OXIDOREDUCTASE 
2ACETYL-P 
ATP 
Figure 3. Scheme for energy production in sulphidogens (ETLP; Holland et al.^ 1987). 
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from the reduced form of proton carriers, such as NADH or FADH. The hydrogen molecules 
are transported out of the cell and the electrons stripped by the hydrogenase Cj 13000 
complex. The eight electrons are used in the reduction of sulfate. The net result of this 
scheme is that eight protons are pumped out of the cell at the expense of the reduction of 
sulfate. 
The removal of protons from the cell creates a proton gradient. The pH outside the 
cell is lower than the pH within the cell because of a higher concentration of hydrogen ions 
on the outside of the cell. The proton gradient drives formation of ATP. ATP synthase is a 
membrane bound protein which is composed of two parts (F, and FQ - Figure 4). F,, is located 
in the cell wall and provides a channel for the protons to flow back into the cell. F, is located 
inside the cell wall and is attached to FQ. F, is where the ATP is synthesized from ADP and 
inorganic phosphate with the protons that have passed through the FQ channel. 
Many of the electron carriers are similar to those of aerobic bacteria in that they 
contain iron. Ferrodoxins, a common electron carrier, was first found in anaerobes (Holland 
et al., 1987). These peptides have molecular weights in the range of 6000-9000 with iron and 
sulfur bound to cysteine (Figure 5). 
Energy synthesis from SLP and ETLP reactions for anaerobic bacteria is quite low 
when compared to the energy of aerobic organisms. An aerobic organism can usually obtain 
about 20 ATP molecules with the complete oxidation of glucose to COj. Anaerobic bacteria 
only glean about 2 molecules of ATP when oxidizing glucose using SLP. The consequences 
of this energy difference is that aerobic organisms often have very high biomass retum per 
mole of substrate oxidized. The consequences for the anaerobic bacteria is that they need to 
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Inside Outside 
Figure 4. Constituents F, and FQ of membrane bound ATPase (Zubay, 1993). 
Cys 
Cys 
Cys 
Figure 5. Iron sulfur centers used for carrying electrons in ferredoxins. 
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be very efficient and will derive energy any way they can. As a result, anaerobic bacteria 
oftentimes link SLP and ETLP to maximize substrate use. Also, the anaerobic bacteria have 
developed synergistic reactions, where the end products of one group become the substrate 
for another group. These reactions are critical because the synergistic reactions are not only 
useful for both groups, but are necessary for the survival of both groups. This type of 
interspecies dependency will be discussed in a later section. 
Hydrolysis/fermentation 
Hydrolysis and fermentation is carried out in anaerobic environments by a group of 
anaerobic bacteria known as the acidogens. The acidogens carry out the initial degradation of 
large cellular compounds including; lignins, polysaccharides, proteins, nucleic acids, and 
aromatics. They are a very diverse group of bacteria that use anaerobic fermentation and 
hydrolysis to carry out the degradation of substrate. Figure 6 (Holland et ai, 1987) shows a 
pattern of carbon flow in anaerobic digestion. 
This section will attempt to explain, in a broad sense, the relationships and 
mechanisms that go on in the initial hydrolysis/fermentation phase of anaerobic digestion. 
The acidogens, which carry out this phase, are one of three main groups of anaerobic bacteria 
that are involved in the complete degradation of a complex substrate (Pretorius, 1983; 
Holland et ai, 1987; Zehnder, 1988). The other two groups are the acetogenic and 
methanogenic bacteria. The acetogens convert fermentation end products to acetate while the 
methanogens take acetate, one-carbon substrates, or hydrogen and convert them to methane 
and carbon dioxide. The two latter groups will be explained in detail in a proceeding section 
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Theoretical 
Stages 
Lipids Polysaccharides Protein Nucleic acids 
Hydrolysis. 
Monosaccharides Amino acids f\jrines& Simple 
Pyrimidines aromatics 
Acidogenesis < Other Fermentation products 
e.g. propionate, butyrate 
succinate, laaate 
ethanol etc. 
Methanogenic substrates 
Hj, CO2. Formate, Methanol. 
Methylamines, Acetate 
Methanogenesis -
Methane + Carbon dioxide 
Figure 6. A diagram of the pattern of carbon flow in anaerobic digestion (Holland et 
al., 1987). 
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of this literature review. 
Lignocellulose 
Lignocellulose is composed of cellulose, hemicellulose, and lignin and is the major 
component of plant vascular tissue, composing 89 - 98% of dry wood. Holocellulose, which 
composes 63 - 78% of all lignocellulose, is a combination of cellulose and hemicellulose 
(Zehnder, 1988). Cellulose itself is the most abundant natural polymer. Cellulose, 
hemicellulose, and lignin compose a significant fraction of wastes such as cow, pig, and 
domestic sewage sludge (Table 2). 
The structures of lignin, cellulose, and hemicellulose are shown in Figure 7. 
Hemicellulose is an ill-defined group of structural polysaccharides in plants, consisting of 
linear polymers of Z)-glucose linked by P-l,4-glycosidic bonds (Figure 7), however 
hydrolysis products of hemicellulose contain arabinose, uronic acids and hexoses. Pectin is 
also considered part of hemicellulose. Cellulose is an unbranched, insoluble polymer of 
several thousand Z)-gIucose units joined with a p-l,4-glycosidic linkage like hemicellulose 
(Figure 7). Lignin is a highly branched, constitutionally undefined aromatic polymer 
composed of phenylpropane subunits which are randomly linked by a variety of carbon-
carbon and ether bonds (Figure 7). 
Cellulose is anaerobically degraded by the hydrolyzation to cellobiose and eventually 
to Z)-glucose (Figure 7). Lignin, on the other hand goes through a long hydrolysis process 
and eventually ends up as fatty acids. The hydrolysis of lignin has not been studied 
thoroughly and is understood at best to be a very complicated process. 
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Table 2. Major components of various substrates used for anaerobic digestion and 
methane production (Zehnder, 1988)*. 
Component Cattle 
Manure 
Chicken 
Manure 
Pig 
Manure 
Domestic 
Sewage Sludge 
Coastal 
Bermuda 
Grass 
Giant 
Brown 
Kelp 
Volatile solids 72.0 76.0 82.4 75.9 60.8 - -
Ether extract 
(lipid) 
3.5 1.5 7.7 34.4 25.2 - -
Cellulose 17.0 28.3 33.0 3.8 1.4 31.7 8.9 
Hemicellulose 
19.0 11.9 53.8 3.2 — 40.2 -
Lignin 6.8 9.2 10.1 5.8 - 4.1 -
Crude 
protein 
19.0 28.8 20.9 27.1 19.4 12.3 29.3 
Ash 28.0 24.0 17.6 24.1 - - -
* not reported 
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Figure 7. Major components of wood and the hydrolysis products of holocellulose 
(Zehnder, 1988). 
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The ability of anaerobic bacteria to degrade lipids is relegated by the complexity of 
the substrate. Hemicellulose is the simplest type of lignocellulose and is hydrolyzed easiest. 
Lignin is the most complex lignocellulose and is, therefore, hardest to hydrolyze. The types 
of anaerobic bacteria that degrade lignocelluloses are not well studied, with the exception of 
cellulose degradation in the rumen of cattle. Table 3 shows some of the known cellulolytic 
microorganisms (Zehnder, 1988). 
Lipids 
Lipids are used by cells for the construction of cell walls and other structures. Table 
2 shows the lipid composition for various types of wastes. Lipids are a broad category with 
many types of lipids each having a unique structure. Some various types of lipids include 
galactolipids, phospholipids, phosphatidylcholine, and phosphotidylehtanolamine. Lipids are 
hydrolyzed anaerobically into both fatty acids and other compounds such as glycerol, 
galactose, choline, and non-fatty acid components. These other compoimds are fermented to 
volatile fatty acids which can then be used by the acetogens. Some of the fatty acids 
produced from the hydrolysis of lipids are unsaturated. These unsaturated fatty acids are 
hydrogenated to saturated fatty acids. All the saturated fatty acids undergo P-oxidation to 
propionate and acetate by the acetogens. 
Hydrolysis of lipids is carried out by many types of anaerobic bacteria through the use 
of enzymes called lipases and phospholipases. Figure 8 shows some of the reactions 
catalyzed by various phospholipases. This Figure shows that the lipases and phospholipases 
cleave off fatty acid branches from the lipid structure. 
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Table 3. Some known celluloytic microorganisms (Zehnder, 1988). 
Organism Fermentation Product Habitat 
Bacteroides succinogenes Succinate, propionate, acetate, 
formate 
Butyrivibrio fibrisolvens 
Ruminococcus albus 
Lactate, butyrate, acetate, 
formate, H2, CO2 
Succinate, acetate, formate, 
Ruminococcus flavefaciens Succinate, lactate, acetate, 
ethanol, formate, H2, CO2 
Eubacterium cellulosolvens Lactate, butyrate, acetate, 
formate 
Clostridium thermocellium Succinate, lactate, acetate, 
ethanol, formate, H2, CO2 
Clostridium cellobioparum Lactate, acetate, ethanol, 
formate, Hj, CO2 
Acetivibrio cellulolyticus Acetate, ethanol, H2, CO2 
Micromonospora propionici Propionate, acetate 
Anaerobic fimgi (e.g., Lactate, acetate, ethanol, 
Neocallimastix frontalis, formate, H2 {in vitro), short-
Piromonas communis, chain fatty acids {in vitro), CO2 
Sphaeromonas communis) 
Rumen 
Rumen 
Rumen 
Rumen 
Rumen 
Soil, marine mud, 
sewage/dairy waste 
Soil, rumen, lake 
sediments 
Sewage sludge 
Termites, rumen, 
protozoa 
Rimien, horse cecum 
Ciliated protozoans Organic acids, H2, CO2 Rumen, termites 
(e.g., Diplodinium spp.) 
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Figure 8. Reactions catalyzed by various phosphoilpases (Zehnder, 1988). 
Proteins 
Proteins contain many amino acids and are rich in both nitrogen and sulfur. Proteins 
are broken down anaerobically mto amino acids and peptides through hydrolysis. There are 
twenty known amino acids, and there are several mechanisms involved in the fermentation of 
amino acids into short chain fatty acids, ammonia, and carbon dioxide. Figure 9 shows a 
typical scheme for the hydrolysis and anaerobic fermentation of proteins. Table 2 shows the 
protein content of various types of wastes. Protein is very important in the anaerobic process 
since it is usually the main, if not only, source of both nitrogen and sulfur for the anaerobic 
microorganisms. 
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Figure 9. Protein degradation and nitrogen metabolism in anaerobic systems (Zehnder, 
1988). 
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Protein hydrolysis is conducted with a group of enzymes known as proteases. 
Proteases are "smart" enzymes in that each protease is only capable of cleaving a specific 
bond in a protein. The result of the protease enzymes activity is the cleavage of the protein 
chain to individual amino acids. There are several genera of anaerobic bacteria that posses 
proteases. These groups of bacteria are called the proteolytic bacteria. The most notable of 
the proteolytic bacteria is the genus Clostridium. This genus is capable of creating "spoiled" 
meat. Some of the other genera of anaerobic bacteria that possess proteolytic activity are the 
Eubacterium, Peptococcus, and Staphylcoccus. These last groups of bacteria are known to be 
in anaerobic digesters treating sewage sludge. 
Amino acids 
Amino acid fermentation is carried out by proteolytic bacteria like Clostridium. The 
reactions involved in the fermentation of amino acids are often carried out through 
oxidation/reduction. The reactions on the oxidative side are much like aerobic organisms 
with oxidative deamination, transamination, and a-keto oxidation taking place. The 
reductive reactions, however, are different than the aerobic organisms in that different 
electron acceptors are used. Table 4 shows some of the characteristics of the species 
Clostridium for the utilization of amino acids. Some amino acids are fermented via the 
Strickland reaction which is an oxidation-reduction reaction carried out with two amino 
acids. The following is an example of the Strickland reaction involving the oxidation of 
alanine with glycine serving as the electron acceptor (Zehnder, 1988). 
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Table 4. Amino acid utilization patterns of clostridial species (Zehnder, 1988). 
Group Species Chracteristics" 
I. Clostridium bifermentans Organisms that carry out Strickland reaction; 
C. sordellii proline reduced and 5-aniinovalerate 
C. botulinum types A, B, F produced; serine, phenylalanine, and other 
C. caloritolerans amino acids oxidized; a-aminobutyrate 
C. sporogenes produced from threonine or methionine and 
C. cochlearium (one strain) y-aminobutyrate produced from glutamate by 
C difficile most species 
C. putrificum 
C. stricklandii 
C. ghoni 
C. mangenoti 
C. scatolegenes^ 
C. lituseburense^ 
n. C. botulinum types C, G 5-Aniinovalerate not produced; arginine and/or 
C histolyticum glycine used by all species 
C. cochlearium (one strain) 
C subterminale 
m. C. cochlearium (one strain) 8-Aminovalerate not produced; glutamate, 
C. tetani serine, and histidine utilized 
C. tetanomorphum 
C. microsporum 
C. lentoputrescens 
C. limosum 
C. malenomenatum 
rv. C. putrefaciens 5-Aminovalerate not produced; serine and 
threonine utilized 
' Major characteristics of each group are given. 
'' a-aminobutyrate and y-aminobutyrate but not 5-aniinovalerate are formed. 
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Ala + IH^O Acetate + CO^ + NH-^ + AH 
2 Gly •¥ AH —» 2 Acetate + 2NHy (2) 
Ala + 2 Gly + IH^O -> 3 Acetate + 'iNH^ + CO2 
In the above reaction, NADH is used as the carrier of protons with flavoproteins, and 
ferredoxins also used in the reaction. It should be noted that the previous two reactions are, 
by definition, performed by acetogens since the product is acetate. Table 5 shows the amount 
of energy provided by the degradation of a few amino acids 
Acetogens 
The acetogenic group of bacteria can be loosely defined as those bacteria which 
produce acetate, and occasionally hydrogen, carbon dioxide, and ammonia firom hydrolysis 
end products such as glucose, ethanol, benzoate, hexoses, and amino acids (Table 6). This 
group is an important intermediate group in the conversion of organics to methane and 
Table 5. Energietics of production from amino acids (Zehnder, 1988). 
AG°' 
Reactions (kJ/reaction) 
a. Glutamate" + 3H2O 2 acetate' + HCO3" + IT + NH4'' + -33.9 
b. Glutamate' -> propionate' + NH4'^, 2HC03~, + + IT + 4H2O -5.8 
c. Glutamate" + HjO a-ketoglutarate^' + NH/ + H2 +59.9 
d. Alanine + 3H2O -> acetate" + HCO3' + NH/ + 2H2 + PT +7.5 
d. Leucine + 3H2O -> isovalerate" + HCO3" + NH/ + 2H2 + IT +4.2 
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Table 6. Typical acetogenic reactions in anaerobic environments. 
Acetogenic Reaction AG° 
[kJ/reaction] 
Ethanol and lactate 
Ethanol + H2O -• Acetate' + 11"^ + 2H2 +9.6 
Lactate" + ZHjO -> Acetate" + HCO3" + - 4.2 
Fatty acids 
Propionate" + 3H2O -> Acetate" + HCO3" + H"^ + 3H2 +76.1 
Butyrate" + 2H2O 2Acetate" + H* + 2H2 +48.1 
Caproate" + 3H2O -> BAcetate" + H" + 2H2 + 96.2 
Amino acids 
Alanine + 3H2O —> Acetate" + HCO3" + NH4'^ + + 2H2 + 7.5 
Asparate" + 4H2O Acetate" + 2HCO3' +NH4'" + + 2H2 - 14.0 
Glutamate" + 7H2O Acetate" + 3HCO3" + 3H* + 5H2 +70.3 
Aromatic compounds 
Benzoate" + 7H2O -> 3Acetate" + HCO3" + BH" + 3H2 + 58.9 
Hydroxybenzoate" + 6H2O -> 3Acetate" + HCO3" + BH" + 2H2 +5.2 
Phenol + 5H2O -> 3Acetate" + + 2H2 + 5.5 
Hydrogentrophic reactions 
4H2 + 2HCO3' + -> Acetate" 4H2O - 104.6 
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carbon dioxide (Figure 6), with about 70% of substrate going to acetate and eventually to 
methane and carbon dioxide (Figure 10). The acetogens use two mechanisms (acetogenic 
hydrogenation and acetogenic dehydrogenation) to convert organic materials as well as H, 
and carbon dioxide to acetate (Pretorius, 1983; Zehnder, 1988). Biochemically, the 
acetogens use the acetyl-CoA pathway via pyruvate (Figiu-e 11). 
Acetogenic dehydrogenation 
Acetogenic dehydrogenation is the oxidation of a substrate coupled with the reduction 
of a proton and provides a vital link between the hydrolysis and methanogenic phase. The 
result is the formation of hydrogen plus acetate (or longer chain fatty acids). There are 
generally two groups of acetogenic dehydrogenation bacteria. These groups are the obligate 
proton-reducers and the fermentative bacteria. The difference between these two groups is 
that the obligate proton-reducers must use protons as electron acceptors whereas the 
fermentative bacteria can use other electron acceptors (e.g. sulfate or nitrate). 
Obligate proton-reducing bacteria. The obligate proton-reducing bacteria are 
characterized by their low yields and their inability to utilize any other electron acceptor 
except protons (IT). Table 7 shows some of the known obligate proton-reducers along with 
the substrate they use and their habitat. Their substrate is generally longer chain fatty acids 
such as propionate, butyrate, or isovalerate. Some also utilize benzoate or ethanol as a 
substrate. 
The low growth yield of this group of organisms is due to the low energy yields of 
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Figure 10. Proposed reaction scheme for anaerobic digestion of sludge (Gujer and 
Zehnder, 1983). 
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Figure 11. Acetogenesis from pyruvate (#'s 1-8 represent enzymes; White, 1995). 
Table 7. Currently known mesophilic obligate proton-reducing bacteria (Zender, 
1988). 
Organisms In Co-culture 
with: 
Source/Habitat Substrate 
Syntrophobacter wolinii Desulfovibrio Gil, Digester sludge Propionic acid 
or M. Hungarei 
JFl plus D. G11 
Syntophomonoas wolfei Desulfovibrio G11, Digester sludge. Monocarboxylic saturated 
M. hungatei JFl rumen fatty acids (14-to 8-
carbon) 
Syntrophus buswellii Desulfovibrio G i l ,  Digester sludge. Benzoic acid 
M. hungatei JFl sediments 
plusZ). Gil 
Clostridium bryantii Desulfovibrio E70, Digester sludge. Monocarboxylic fatty acids 
M. hungatei M\h sediments (to 11-carbon) 
Strain Gra I val Desulfovibrio E70 Marine sediment Isovaleric acid 
Strain G I Val Desulfovibrio Digester sludge Isovaleric acid 
Strains SF-1 and NSF-2 M. hungatei or Digester sludge Monocarboxylic saturated 
Desulfovibrio sp. fatty acids (4- to 6-
carbon) 
Strain BZ-2 Desulfovibrio PS-1 Digester sludge Benzoic acid 
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their reactions. Table 8 shows the energy derived from the proton-reducing bacteria. As can 
be seen, all of the reactions are thermodynamically unfavorable at standard conditions. The 
ramifications of this are that at normal conditions these bacteria cannot survive. Their 
survival, therefore, must depend on some mechanism to change conditions such that 
metabolic reactions are possible. Interspecies hydrogen transfer is the way in which these 
organisms survive. Methanogenic bacteria, which will be discussed later, utilize hydrogen 
made available in the liquid by the proton-reducers. This essentially lowers the partial 
pressure of hydrogen outside the cells of the obligate proton-reducers making metabolism 
possible for this group. The utilization of hydrogen by the methanogens and its energy yield 
is also shown in Table 8. By coupling the two processes the proton-reducing reactions 
become thermodynamically possible. 
One of the main obligate proton-reducing reactions is the conversion of propionate to 
acetate. Figure 12 shows the biochemical pathway for the conversion of propionate to acetate 
as well as butyrate and ethanol. The conversion takes place through P-oxidation with 
coenzyme A (CoA) playing a key role. During propionate oxidation, reducing equivalents 
[IT] are formed in the oxidations of succinate to fimiarate, malate to oxaloacetate, and 
pyruvate to acetyl-CoA. These reducing equivalents formed are FADH^, NADH, and 
ferrodoxin. The energy yield for this conversion is quite low (-56.6 kJ/mol). Microbial 
yields, from 0.042 to 0.051 kg biomass/kg COD and 0.025 kg/kg (Gujer and Zehnder, 1983), 
including biomass produced during methanogenesis, have been found. A net yield of 1/3 
ATP per propionate is speculated with an additional 2/3 ATP available through the reduction 
is subsequently reduced to methane by methanogenic bacteria. 
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Table 8. Energy changes for acetogenic bacteria with HCO," or serving as an 
electron acceptor in co-culture with methanogens and sulfate reducers. 
— — — ^ — 1 — — — 1 . ^ 1  ^  I  I !  ! • * "  ~  .  •  
Equation AG° [kJ/reaction] 
Proton-reducing (Hz-producing) acetogenic bacteria 
CHjCHjOH + H2O -> CH3COO- + IT + 2H2 + 9.6 
CH3CH2OO- + 3HjO -> CH3COO- + IT + 3H2 + HCO3- +76.1 
CH3CH2CH2OO- + 2H2O 2CH3COO- + ft + 2H2 +48.1 
C7HSO2 + THzO -• 3CH3COO- + BIT + 3H2+ HCO3- +53.0 
Hi using methanogens and sulfate reducers 
"4H2 +HCO3- +ir CH, + 3H2O -135.6 
4H; + S04^- + H" -» HS~ + 4U2O -151.9 
Fermentative dehydrogenators. The fermentative dehydrogenators behave very 
similarly to the obligate hydrogen reducing bacteria in that they use similar substrates and 
can use hydrogen as an electron acceptor under the appropriate conditions. The difference 
between this group and the obUgate hydrogen producers is that they can, if the partial 
pressure of hydrogen is high, use alternate electron acceptors such as nitrate or sulfate. The 
use of these other electron acceptors shifts the end products of the bacteria away from acetate. 
To illustrate the differences between this group of anaerobes, and the obligate proton-
reducing anaerobes the pathways for the degradation of glucose by Ruminococcus albus is 
shown in Figure 13. Under conditions where no methanogens are available to remove 
hydrogen from the system, this strain of bacteria will ferment glucose to pyruvate and, 
subsequently, to acetate and ethanol. The ratio of acetate to ethanol is 1.9:1 when no 
interspecies hydrogen transfer is occurring. When Wolinella succinogenes, a hydrogen 
utilizing bacteria, was added to the Ruminococcus albus, the Rumino strain shifted the end 
products from acetate and ethanol to acetate only. The Wolinella strain removed hydrogen 
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Figure 12. Biochemical pathways for acetogenic dehydrogenation of butyrate, 
propionate, and ethanol (Stams, 1994). 
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Figure 13. Facultative pathways for degradation of glucose (Zehnder, 1988). 
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ions from the system which removed the necessity of using acetyl-CoA for electron disposal 
and allowed the Rumino strain to produce more acetate. Energetically, this is much more 
favorable since the change in energy is much greater, resulting in higher yields. The amount 
of energy gain from interspecies hydrogen transfer for this relationship has not yet been 
found. However, researchers have found that there was a 30% gain in yield when 
Clostridium cellobiopanim on glucose was placed in a co-culture (Chung, 1976). 
Acetogenic hydrogenation 
Organisms that can utilize carbon dioxide and hydrogen for the formation of acetate 
are often called the homoacetogens. The information on these organisms is limited and most 
research has been performed with substrates such as glucose or and CO2. Other known 
substrates for this group include sugars and acids such as glycerate and lactate. The 
hydrogenators can be divided into two groups, based on substrate utilization. The two groups 
are those that grow on multicarbon substrates and those that grow on the single carbon 
substrate, such as COj, along with H2. The commonality of these two groups, as with all 
acetogens in general, is that their pathways proceed through the action of acetyl-CoA. 
Single carbon compounds. These homoacetogens primarily use carbon dioxide and 
hydrogen to produce acetate, but can also use carbon monoxide, or methyl compounds. The 
overall reaction of this fermentation is shown below (Zehnder, 1988; Stams, 1994; Diekert 
and Wohlfarth, 1994) 
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ICO^ + 4//j -> CHfiOOH + IH^O (3) 
The scheme for this reaction has only recently been found and is shown m Figure 14. As 
with other acetogenic reactions, acetyl-CoA is used for this hydrogenation. The other 
important part of this pathway is the use of carbon monoxide dehydrogenase. This enzyme is 
thought to have two purposes. The first purpose is the reduction of carbon dioxide to carbon 
monoxide, while its second purpose is the mediation of the formation of acetyl-CoA (Diekert 
and Wohlfarth, 1994). This pathway is only feasible if the net energy yield is negative. The 
energy yield fi-om this pathway is -95 kJ/mole, thereby making it a feasible pathway. 
These bacteria are in direct competition with the hydrogen utilizing methanogens for 
part of their substrate (Hj). The energy yield of the homoacetogens using carbon dioxide and 
hydrogen is -95 kJ/mol while the energy yield firom the hydrogen utilizing methanogens is -
135.6 kJ/mol. This allows the hydrogen utilizing methanogens to out compete the hydrogen 
utilizing homoacetogens for substrate. To prevent this, the hydrogen utilizing 
homoacetogens are able to degrade sugars to acetate in addition to their ability to utilize 
hydrogen (Zehnder, 1988). This versatility allows this group of homoacetogens to survive in 
mixed cultures. 
Multicarbon compounds. These compounds include some small chain fatty 
acids as well as sugars. Glucose is the most studied of the multicarbon substrates used by 
these homoacetogens and the pathway for Clostridium thermoaceticum is shown in Figure 
15. This pathway involves the conversion of glucose to two pyruvates, with subsequent 
hydrogenation to three acetate molecules. Other multicarbon substrates include ethanol, 
36 
membrane . .. 
oufside inside 
Z C O ^ ^  8 H  
8H' 
H' 
8e?' 
fructose + 2 H^O 
Qce Qte'-^H 
ZH^O 
2 acetate" + 2H + 2 CO^ 
,-Y-adp.P, 
ATP • H 
Figure 14. Formation of acetate via carbon dioxide and hydrogen (Zehnder, 1988). 
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Figure 15. Glucose metabolism for Clostridium Thermoaceticum (White, 1995). 
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ethylene glycol, and oxalate, to name a few. 
Methanogens 
The methanogenic bacteria, which produce methane from low molecular weight 
carbon compounds, are generally considered the final group of bacteria in the anaerobic 
degradation of organic substrates (Holland et al, 1987). They are the main utilizers of the 
acetate that is produced by the acetogens, which accounts for typically 70% of the carbon in 
an anaerobic treatment system (Figure 10). Phylogenetically, the microorganisms catalyzing 
the formation of methane belong to the Archaea (arcaebacteria) which is a small domain of 
the prokaryotes (bacteria without nuclei; Blaut, 1994). Taxonomically, the methanogenic 
species have been grouped into five orders and nine families (Blaut, 1994). Table 9 makes an 
attempt to list most of the known methanogenic bacteria. This list is by no means complete, 
since there are many recent discoveries of new strains of methanogenic bacteria due to 
improved culturing methods. 
The number and type of substrates that methanogens utilize to produce methane is 
fairly limited (Table 10). Due to the limited number and similarity of substrates, 
methanogens have similar nutritional requirements (including nitrogen, sulfur, and 
phosphorus) and biochemical pathways (Blaut, 1994; Zehnder, 1988). The methanogens 
generally live within a pH range of 6 to 8, but some can survive at a pH up to 9.0 (Zehnder, 
1988; Pretorius, 1983). The temperature ranges in which methanogens live can range from 4 
°C to 97 "C which means they are dispersed throughout the world in many different 
environments (Pretorius, 1983). 
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Table 9. Classification and properties of methanogens* (Zehnder, 1988). 
Species Morphology Substrate 
Optimal 
Temperature 
(°C) 
ORDER I. METHANOBACTERIALES 
Family I. Methanobacteriaceae 
Genus I. Methanobacterium 
M. aclaliphilum Long rods to Hj/COz 37 
filaments 
M. bryantii Long rods to H2/CO2 37-39 
filaments 
M. formicicum Long rods to H2/CO2, formate 37-45 
filaments 
M. ivanovii Rods to H2/CO2 45 
filaments 
M. thermoaggrgans Long rods to H2/CO2 65 
filaments 
forming 
aggregates 
M. thermoalcaliphilum Long rods to HVCOj 58-62 
filaments 
M. thermoautotrophicum Long rods to H,/CO, 65-70 
filaments 
M. thremoformicicum Rods H2/CO2, formate 55 
M. uliginosum Long rods H2/CO2 40 
M. wolfei Rods H2/CO2 55-65 
Genus II. Methanobrevibacter 
M. arboriphilicus Short rods, H2/CO2 37-39 
short chains 
M. ruminatium Short rods, H2/CO2, formate 37-39 
short chains 
M. smithii Short rods. H2/CO2, formate 37-39 
short chains 
Family II. Methanothermaceae 
Genus 1. Methanothermus 
M. fervidus Short rods H2/CO2 83 
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Table 9. (continued) 
Species Morphology Substrate 
Optimal 
Temperature 
rc) 
ORDER n. METHANOCOCCALES 
Family I. Methanococcaceae 
Genus I. Methanococcus 
M. aeolicus 
NA 
Irregular cocci 
Regular cocci 
M deltae 
M. frisus 
M. halophilus 
M. jannaschii 
M. maripaludis 
M. thermolithotrophicus 
M. vannielii 
M. voltae 
Formate 
H2/CO2, formate 
H2/CO2, 
methanol, 
methylamines 
Methanol, 
methylamines 
Irregular cocci 
forming 
aggregates 
Irregular cocci 
Irregular cocci 
Regular to 
irregular 
cocci 
Regular to 
irregular 
cocci 
Regular to 
irregular 
cocci 
Regular to 
irregular 
cocci 
Regular to 
irregular 
cocci 
ORDER m. METHANOMICROBIALES 
H^/CO, 
H2/CO2, formate 
H2/CO2, formate 
Hi/COj, formate 
H2/CO2, formate 
H2/CO2, formate 
H2/CO2, formate 
Family I. Methanomicrobiaceae 
Genus I. Methanomicrobium 
M. mobile 
M. paynteri 
Genus n. Methanogenium 
M. aggregans 
M. bourgense 
Short rods 
Short irregular 
rods 
Irregular cocci 
forming 
aggregates 
Irregular cocci 
H2/CO2, formate 
H2/CO2 
H2/CO2, formate 
Hi/CO,, formate 
NA 
37 
36 
26-36 
85 
35-39 
65 
36-40 
35-40 
40 
40 
35 
37 
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Table 9. (continued) 
Optimal 
Temperature 
Species Morphology Substrate rc) 
M cariaci Irregular cocci H2/CO2, formate 20-25 
M. fritonii Irregular cocci H2/CO2, formate 57 
M. marisnigri Irregular cocci H2/CO2, formate 20-25 
M. olentangyi Irregular cocci H2/CO2 37 
M. tatii Regular to H2/CO2, formate 37-40 
irregular 
cocci 
M. thermophilicum Irregular cocci H2/CO2, formate 55-58 
M. wolfei Irregular cocci H2/CO2, formate 45 
Genus m. Methanospirillum 
M. hungatei Regular curved H2/CO2, formate 30-40 
rods to long 
spiral 
filaments 
Family 11. Methanosarcinaceae 
Genus I. Methanosarcina 
M. acetivorans Irregular cocci Methanol, 35-40 
forming cysts methylamines, 
acetate 
M. barkeri Irregular cocci, H2/CO2, 35-40 
forming methanol, 
packets methylamines. 
acetate 
M. mazei Irregular cocci, Methanol, 30-40 
forming cysts methylamines. 
acetate. 
H2/CO2 
M. thermophila Irregular cocci, H2/CO2, 50 
forming methanol. 
aggregates methylamines. 
acetate 
M. vacuolata^ Irregular cocci. H2/CO2, 40 
forming cysts methanol. 
methylamines. 
acetate 
Genus 13. Methanococcoides 
M. methylutens Irregular cocci Methanol, 30-35 
methylamines 
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Table 9. (continued) 
Species Morphology Substrate 
Optimal 
Temperature 
CO 
Family lU. Methanoplanaceae 
Genus I. Methanoplanus 
M. endosymbiosus Plate-shaped Hj/COj, formate 32 
M. limicola Plate-shaped H2/CO2, formate 40 
Family not assigned 
Genus Methanothrix 
M. concilii Rods to Acetate 35-40 
filaments 
M. soehngenii Rods to Acetate 37 
filaments 
M. thermoacetophila Rods to Acetate 65 
filaments 
Order and family not assigned 
Genus Methanolobiis 
M. tindarius Irregular cocci Methanol, 25 
methylamines 
Genus Halomethanococcus 
H. mahi Irregular cocci Methanol, 35 
methylamines 
Genus Methanosphaera 
M. stadtmanae Spherical Methanol 37 
' NA, data not available. 
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Table 10. Substrates and energy production for methanogenic bacteria (Zehnder, 
Methanogens are unique because they mainly rely on the metabolic activity of other 
anaerobes for their substrate. However, they also remove hydrogen from the environment 
which promotes growth of the other types of anaerobic bacteria. This interspecies hydrogen 
transfer has been discussed previously and will be outlined later in this review. Methanogens 
also have a relatively low energy yield ranging from -32.5 kJ/mole to -185.5 kJ/mole 
depending on the substrate. This low yield can hurt the methanogens when in direct 
competition with other electron accepting bacteria, including the denitrifiers and sulfate 
reducers. Sulfate reducers have a higher affinity for hydrogen than the methanogens so they 
can out compete the methanogens for substrate (Zehnder, 1988). This affinity advantage 
does not include methanol, where at high concentrations methanogens can compete on an 
almost equal basis with the sulfate reducers. 
1988; Blaut, 1994). 
Reaction AG°' (kJ/mole CHJ 
4H2 + CO2 -> CH4 + 2H2O 
4HC00- + 4ir CH« + 3CO2 + 2H2O 
4C0 + 2H2O CH4 + BCOj 
4CH3OH 3CH4 +CO2 + 2H2O 
4CH3NH3* + 2H2O 3CH4 + CO2 + 4NH4* 
2(CH3)2NH2 + 2H2O ^ 3CH4 + CO2 + 2NH4" 
4(CH3)3NH* + 6HjO -• 9CH4 + 3CO2 + 4NH/ 
CHjCQQ- + IT -» CH, + CO2 
-130.4 
-119.5 
- 185.5 
-103.0 
-74.0 
-74.0 
-74.0 
-32.5 
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Coenzymes and cofactors 
Coenzymes and cofactors are very important in the biochemical reactions of the 
methanogenic bacteria. As mentioned previously, the methanogens have similar pathways 
for the production of methane and, thus, use similar coenzymes and cofactors. This section 
attempts to show some of the more important coenzymes and cofactors involved in the 
production of methane by the methanogens. 
Coenzyme M. Coenzyme M (CoM), 2-mercaptoethane sulphonic acid is the smallest 
coenzyme known and is one of the most important coenzymes in methanogenesis (Figure 
16). Methane is produced through the reduction of methyl-CoM with hydrogen: 
CoM can be synthesized by every species of methanogen except Methanobrevibacter 
ruminatium. This species of methanogens Uves in the rumen of cattle and has cell walls that 
are permeable to CoM, which is absorbed from rumen fluid where several methanogens 
secrete CoM (Zehnder, 1988). 
CHj-S-CoM Hz CH^ + HS-CoM (4) 
HS - CHj - CHj - SO3 • CH3 - S - CH2 - CH2 - SO3 
Methylcoenzyme M Coenzyme M 
Figure 16. Coenzyme M and methylated coenzyme M. 
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F420. This coenzyme is primarily used in the reduction of methenyl-H^MPT to 
methyl-H4MPT during the conversion of CO2 to methane by the methanogens. This 
conversion is actually a two step process and will be described in detail in a later section. 
Besides serving as an electron donor, F420 can be used as an electron acceptor for both the CO 
dehydrogenase reaction and methanol oxidation, which will both be discussed in a 
subsequent section. F420 is actually a 7,8-didemthyl-8-hydroxy-5-deazriboflavin derivative 
and is shown in Figure 17. It is a two electron carrier, and in the conversion of COj to 
methane is reduced by in the presence of a hydrogenase. The reduction takes place in a 
stereospecific way by hydride transfer (Zehnder, 1988). 
F430. This coenzyme is an important component of the methylreductase enzyme 
which is used to reduce methyl-CoM to methane (12). This coenzyme is illustrated in Figure 
18. F430 is a nickel pophinoid which is active in the Ni(I) form. Its mechanism will be 
discussed in a future section. 
Tetrahydromethanopterm (H4MPT). The function of this coenzyme is similar to 
tetrahydrofolate (H4F) which is present in most other organisms. H4MPT is used in the 
reduction of CO2 to methane to carry a formyl group while it is reduced to methyl. The base 
structure of H4MPT and its different stages is shown in Figure 19. 
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N-7-Mercaptoheptanoylthreonine phosphate (HS-HTP). This coenzyme is 
important in that it acts as an electron donor in the reduction of methyl-CoM giving rise to 
methane and a mixed disulfide of HS-CoM and HS-HTP (CoM-S-S-HTP; Blaut, 1994). The 
structure of HS-HTP is shown in Figure 20. This coenzyme will be discussed in more detail 
in subsequent sections. 
Methanofuran (MF). This coenzyme flmctions as the initial carrier of carbon 
dioxide and allows carbon dioxide to be reduced to formyl which is subsequently passed to 
another coenzyme (H4MPT). It is a flavin mononucleotide with both forms of its structure 
shown in Figure 21. 
Acetyl-CoA. This coenzyme is of primary importance in the conversion of acetate to 
methane and carbon dioxide, and also in the biosynthesis of proteins and cell structures. 
Acetyl-CoA is used to activate the acetate so the two groups from the acetate (methyl and 
carboxylic acid) can be converted to methane and carbon dioxide. The structure of acetyl-
CoA is shown in Figure 22. Acetyl-CoA is the most important intermediate in the 
biosynthesis of cell structures and proteins and will be discussed in subsequent sections. 
Enzymes. There are numerous enzymes that are used by the methanogens including 
dehydrogenases, hydrogenases, reductases, transferases, synthesases, kinases, and 
cyclohydrases. These enzymes are important because they serve as binding sites for the 
various substrates and cofactors. The enzymes involved in the important reactions of 
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Figure 20. Structure of HS-HTP (left) and CoM-S-S-HTP (rigtit) (Blaut, 1994). 
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methanogens will be discussed in subsequent sections. 
Methanogenesis from H2 + COj 
The pathway for methanogenesis from + CO2 is shown in Figure 23. The process 
results in approximately -130.4 kJ/mol CH4 of energy. The overall reaction for this process 
is: 
CO2 + 4H2 CH4 + 2H,0 (5) 
This process is the most common pathway for methanogens and is used by a large number of 
methanogens. 
The initial step for this process is the binding of CO2 to methanofuran (MF) and its 
dependent reduction to formyl-MF: 
COj + 4Hj + MF -> HCO-MF + H^O (6) 
The standard free energy of this step is +16 kJ/moI, however, the hydrogen pressure is 
generally low in these habitats, so the free energy for this step may be as high as +40 kJ/mol. 
The formation of the HCO-MF is catalyzed by formylmethanofliran dehydrogenase. This 
enzyme is thought to contain molybdenum. Since this process is endergonic, it is assumed 
that there is some exergonic process coupled to it to make the process work. One theory 
states that a reverse electron transport from H2 to an electron carrier could easily act as an 
electron donor in the formation of formyl-MF from COj and MF (Blaut, 1994). This electron 
carrier would require a midpoint potential in the range of the COz/formyl-MF couple. 
The next step in this process is the transfer of the formyl moiety from formyl-MF to 
H4MPT and the formation of methenyl-H4MPT (Figure 23). This step involves two 
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reactions: 
HCO-MF + H^MPT HCO-H4MPT + MF (7) 
HCO-H4MPT + H* -> CHhH^MPT + H2O (8) 
The formyl transfer is catalyzed by the enzyme formyl transferase, which is a soluble 
enzyme. The hydrolysis of HCO-H4MPT to CHSH4MPT is a reversible reaction catalyzed 
by N^, N'°-methenyl-H4MPT cyclohydrase. 
Methenyl-H4MPT is reduced to methyl-H4MPT in a two step process which is shown 
below: 
CHHH4MP'r + F4J0H1 CHJ=H4MPT + F410 + IT (9) 
CH2=H4MPT + F4J0H2 -> CH3-H4MPT + F420 (10) 
In both of these reactions, reduced coenzyme F420 (Figure 17) serves as the reductant. The 
F420 is regenerated by an F42o-dependent hydrogenase. All of these hydrogenases contain 
flavin, Ni, and Fe-S clusters. 
The methyl group of methyl-H4MPT is transferred to coenzyme M in the next step of 
this process: 
CH3-H4MPT + HS-CoM -> CH3-S-C0M +H4MPT (11) 
This reaction is stimulated by Na" and is thought to act as a sodium pimip during 
methanogenesis (Blaut, 1994). The sodium gradient that this pump creates may be a driving 
force for ATP synthesis via a A^j^j^-driven ATP synthase. It is theorized that this methyl 
transfer from methyl-H4MPT to CoM proceeds in two steps. The first step is the transfer of 
the methyl-H4MPT to a corrinoid protein, and the second step is the transfer of the methyl 
group from the corrinoid protein to CoM (Blaut, 1994). It is not clear which of these steps 
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causes the sodium gradient. 
The methyl-CoM is reduced to methane in the final step of the carbon dioxide 
reduction pathway by the following reaction: 
CHj-S-CoM + HS-HTP -> CH^ + CoM-S-S-HTP (12) 
It should be noted at this time that all methane produced by the methanogens has to go 
thorough this final reductive pathway (Equation 12). The reduction of methyl-coenzyme M 
is catalyzed by the methyl-coenzyme M reductase. This enzyme consists of two unique 
coenzymes (HS-HTP and F^jo). HS-HTP (Figure 20) acts as an electron donor in the 
reduction of methyl-CoM, giving rise to methane and a mixed disulfide of HS-CoM and HS-
HTP (CoM-S-S-HTP). The second unique enzyme involved in this reaction is the cofactor 
F430 (Figure 18), which has been described previously. F430 is a direct participant in the 
reduction of methyl-CoA to methane. The proposed mechanism for this reaction is shown in 
Figure 24. The coenzyme must be in the Ni(I) form in order to be catalytically active. It is 
thought that the enzyme bound HS-HTP reduces Ni(II)F43o to Ni(I)F43o ^ one-electron 
transfer step, leaving behind a • S-HTP radical which in tum reacts with methyl-CoM to form 
a methyl-heterodisulfide radical species (Blaut, 1994). Transfer of this radical leads to the 
liberation of the heterodisulfide and the formation of methyl-Ni(II)F43o which is subsequently 
prontolysated to methane and Ni(II)F43o. 
The reduction of the CoM-S-S-HTP formed in the methyh-eductase reaction has to be 
reductively cleaved to regenerate both HS-CoM and HS-HTP; 
CoM-S-S-HTP + Hj HS-CoM + HS-HTP (13) 
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This is accomplished by a Hj-dependent heterodisulfide reductase system. This system 
essentially reduces the CoM-S-S-HTP and uses this reduction to transport protons out of the 
cell via cytochromes and hydrogenases. This transport sets up a proton gradient which 
allows ATP to be generated via an ATPase. 
Methanogenesis from formate 
About half of all methanogens are capable of utilizing formate in addition to 
hydrogen and carbon dioxide (Zehnder, 1988). Formate utilization begins with the oxidation 
to carbon dioxide which in turn enters the pathway outlined in the previous section (14). 
HCOO" Hi + COi (14) 
The key enzyme in this process is formate dehydrogenase, which contains molybdenum, iron, 
acid labile sulfur, and one more of FAD per enzyme (Blaut, 1994). One of the interesting 
observations of formate utilization is that hydrogen is not always produced in large amounts, 
indicating it may not be an intermediate in this pathway. It is plausible that F420 is directly 
reduced and this reduced F420 is used in the methylene-H4MPT reductase reactions found in 
the carbon dioxide reduction pathway. This relationship has been seen in both 
Methanobacter Formicicum 2cad Methanococcus Vannielii (QldMi, 1994). 
Methanogenesis from methanol and methylamines 
The production of methane from methanol and other methylamines is one of the more 
interesting pathways in methanogenic bacteria. The methanogenesis of methanol is shown in 
Figiire 25, and will be discussed in some detail in this section. The degradation of 
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methylamines is very similar to methanol. Anaerobes degrading methylamines generally will 
have one distinct enzyme that allows the methyl group to be transferred to CoM. At this 
point, the pathway is identical to the methanol pathway. It is interesting to note that the 
degradation of methylamines does not involve a methanol intermediate (Zehnder, 1988). The 
ability to use methanol or methylamines as a sole energy source is limited to members of the 
Methanosarcinae. A few other methanogens can use methanol, but only in the presence of 
molecular hydrogen (Blaut, 1994; Miller and Wolin, 1985). 
What makes this pathway interesting is that it has to follow two branches in order to 
be successful (Equations 15 and 16). 
CH3OH + H2O COj + 6e + 6H^ (15) 
3CH3OH + 6e + 6ir -> 3CH4 + 3HjO (16) 
Essentially, the oxidative path (Equation 15) is used to generate the six electrons and protons 
needed to convert three moles of methanol to three moles of methane and three moles of 
water. 
Reductive path (Equation 16). The reductive path starts with the transfer of the 
methyl group of methanol to CoM (Figure 25). This transfer occurs in two steps and requires 
two distinctive enzymes. The first step is catalyzed by methanohS-hydroxybenzimidazoyl 
cobamide methyltransferase (MTl) which transfers the methyl group fi-om methanol to the 
corrinoid prosthetic group of MTl (Blaut, 1994). The second step involves the transfer of the 
methyl group fi-om MTl to CoM and is catalyzed by cobalamin:HS-CoM methyltransferase 
(MT2). 
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MTl is a corronoid protein which contains a cobalt center. The cobalt must be in the 
Co(I) stage so it can act as a supemucleophile and accept a cation, giving rise to CHj-
Co(III) (Blaut, 1994). MT2 is not a corronoid protein but a single subunit enzyme that when 
transferring the methyl group to CoM reduces the MTl back to its Co(I) state. 
The reducing equivalents generated by the oxidation of methanol (subsequent section) 
are transferred to the heterodisulfide which is utilized in this reaction in the same way as in 
the carbon dioxide reduction pathway (Figure 23). The route of these electrons is not exactly 
known, but evidence strongly suggests that cytochromes may play a key role (Blaut, 1994). 
As the electrons are accepted by the heterodisulfide, the protons are pumped out of the cell 
and this sets up a proton gradient which can be used, in the presence of an ATPase, to 
produce ATP (Figure 23). 
Oxidative pathway. The oxidative pathway is significant in that each methanol 
oxidized produces enough electrons to reduce 3 moles of methanol to methane. The 
oxidation of methanol starts out with the transfer of the methyl group from methanol to CoM 
via the same process described in the reductive pathway. At this point, the methyl group is 
not converted to methane but is passed to H^MPT (Figure 23). This reaction is the reverse of 
the reaction used in the reduction of carbon dioxide (11). After the synthesis of methyl-
H4MPT the pathway is the exact opposite of carbon dioxide reduction with the successive 
oxidation of the methyl group and its subsequent passing to methanofuran (MF). In this case, 
however, F420 is reduced to F420H2 instead of being oxidized in the reduction of carbon 
dioxide. F420 is reoxidized by a membrane bound transport system. This reoxidation is 
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catalzyed by F420H2 dehydrogenase, which is involved in the pumping of protons out of the 
cell for the creation of ATP. 
Methanogenesis from acetate 
This is probably the most important pathway for methanogenesis in regards to 
anaerobic digestion of wastes and wastewaters since 70% of all carbon goes through acetate 
to methane. 
CH3COO' + -> CO2 + CH4 (17) 
This reaction produces only -32 kJ/mole CH4 and is used by two genera, Methanosarcina and 
Methanothrix. The main difference between these two genera is that in addition to acetate, 
Methanosarcina has the ability to degrade hydrogen and carbon dioxide as well as methanol 
and methylamines; whereas, Methanothrix can only degrade acetate. Furthermore, 
Methanothrix has a higher affinity for acetate but is slower growing than Methanosarcina. 
This results in Methanosarcina being dominant at high acetate concentrations and 
Methanothrix dominant at low acetate concentrations (Blaut, 1994). 
The methanogenesis of acetate (CHjCOO") is shown in Figure 26, and is ahnost 
identical for both genera of bacteria. Labeling studies have shown that the methyl moiety of 
acetate is converted to methane and the carboxyl group to CO2 (Pine and Barker, 1956; Blaut, 
1994). Methanogenesis from acetate starts with the activation of acetyl-CoA (Figure 26). 
Methanosarcina uses acetate kinase and phosphotransacetylase to make acetyl-CoA (White, 
1995). 
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61 
Acetate kinase: 
Acetate + ATP -> acetyl-phosphate + ADP (18) 
Phosphotransacetylase: 
Acetyl-phosphate + CoA -> acetyl-CoA + inorganic phosphate (19) 
Methanothrix uses acetyl-CoA synthase to make acetyl-CoA (White, 1995). 
Acetyl-CoA synthesase: 
Acetate + ATP -*• acetyl-AMP + pyrophosphate (20) 
Acetyl-AMP + CoA acetyl-CoA + AMP (21) 
Both of the above reactions involve the use of ATP to "activate" acetate to acetyl-
CoA. This energy input is overcome by making of ATP from hydrogen and soditun 
gradients produced during the reduction of acetyl-CoA. 
The further breakdown of acetyl-CoA is the same for both genera of anaerobic 
bacteria utilizing acetate. This breakdown is catalyzed by carbon monoxide dehydrogenase 
and is a very complex reaction (Figure 27). The CO dehydrogenase complex cleaves the 
acetyl-CoA into a methyl group and a carbonyl group which are all transiently bovmd to the 
enzyme (Blaut, 1994; Zehnder, 1988; White, 1995). The CO dehydrogenase, in a further 
step, catalyzes the oxidation of the carbonyl group releasing it as carbon dioxide at the same 
time as it releases CoA (Figure 27). The methyl group is transferred to a corronoid Fe-S 
protein which is part of CO dehydrogenase. 
CO dehydrogenase is also important in the formation of acetate. The enzyme consists 
of a Ni-Fe center that is thought to be the catalytic site of the acetyl-CoA cleavage. The 
enzyme is also thought to have a number of Fe-S centers as well as varying amounts of Zn. 
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The Fe-S protein is a corronoid protein that catalyzes the cleavage of acetyl-CoA and the 
oxidation of the carbonyl group. According to Figure 27, acetyl-CoA is cleaved by the 
Ni/Fe-S component and both the methyl group and the carbonyl group bind to the active site 
metal center. The Co A is thought to bind to a different site of the Ni/Fe-S component where 
it is subsequently released (Blaut, 1994). The carbonyl moiety bound to the metal center is 
oxidized to carbon dioxide and released. The methyl group is transferred to Co(I)/Fe-S 
component, giving rise to a methylated Co(III) corrinoid protein that is essentially the same 
as previously discussed. The methylated Co(III) transfers the methyl group to H4MPT and 
methyl-H4MPT is formed (Blaut, 1994; White, 1995). This reaction is thought to be the 
reverse of the acetogenic reaction, which utilizes carbon dioxide in the formation of acetate. 
The methyl-H4MPT formed is converted to methane in the same way as described in 
the reduction of carbon dioxide to methane. Therefore, the methanogens take advantage of 
both the sodium and hydrogen potential to create ATP. The exception to this pathway, in 
comparison with the reduction of carbon dioxide, is in the flow of electrons. Instead of a 
membrane boimd hydrogenase to activate hydrogen for the reduction of diheterosulfide-CoM 
complex, it appears that the acetoclastic methanogens utilize ferredoxin (Blaut, 1994). This 
transfer process is still not clear, and further work needs to be performed. 
Anabolic reactions 
I would be remiss if I did not mention some of the limited pathways in which 
methanogens synthesize components. The main carbon sources for heterotrophic 
methanogens are acetate and carbon dioxide. Carbon dioxide is the main source for 
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autotrophic organisms that fix CO2 through the action of carbon dehydrogenase. This 
process is the reverse of the process discussed in the methanogenesis of acetate. In essence 
all methanogens convert a carbon source to acetate and eventually to acetyl-CoA which is the 
starting point for synthesis of cellular components. 
Figure 28 shows the pathways for the biosynthesis of cellular materials in 
methanogens. This figure is a simple representation, but provides a clear imderstanding for 
the reactions involved in biosynthesis. As mentioned previously, acetyl-CoA is the main 
precursor for biosynthesis. All methanogens are capable of synthesizing pyruvate fi^om 
acetyl-CoA. Conventional biochemical reactions are used to convert acetyl-CoA to sugars 
and lipids with pyruvate converting to phosphoenol pyruvate and eventually to sugars via 
gluconeogenesis. 
A split occurs in the methanogenic process during the synthesis of amino acid 
precursors. The precursors to amino acids are oxaloacetate and 2-oxoglutarate. Some 
methanogens use a reductive direction in the TCA cycle to synthesize 2-oxoglutarate from 
oxaloacetate by way of malate, fumarate, succinate, and succinyl-CoA (Figure 28). Other 
methanogens use a oxidative path for the synthesis of 2-oxoglutarate from oxaloacetate and 
acetyl-CoA as catalyzed by citrate synthase, aconitase, and isocitrate dehydrogenase (Figure 
28). 
Interspecies hydrogen transfer 
Some fermenting and acetogenic bacteria have the ability to dispose of 
reducing equivalents by the reduction of protons and bicarbonate. As discussed previously, 
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some of these bacteria, the obligate proton reducers, use this mechanism as their only way of 
disposing of reducing equivalents. Other anaerobes can utilize the reduction of protons, but 
can also utilize other substrates to dispose of reducing equivalents such as ethanol. Figure 13 
shows the classic example of one of these types of bacteria, and how the removal of hydrogen 
by a methanogenic bacteria can allow it to use the reduction of hydrogen as a more 
exergonically favorable pathway. 
The importance of interspecies hydrogen transfer is that the removal of hydrogen by 
some methanogenic bacteria lowers the partial pressure of hydrogen, allowing acetogens to 
survive. Lowering the partial pressure of hydrogen actually helps to pull acetogenic reactions 
which would normally be unfavorable at ambient hydrogen pressures. 
This review has already discussed the importance of interspecies hydrogen transfer in 
terms of biochemical reactions. The actual physics of the hydrogen transfer requires that 
hydrogen and formate from the producing organism diffuse through solution to the 
consuming organism. The diffusion of hydrogen and formate can be described by a simple 
diffusion equation (Stams, 1994). The flux of hydrogen or formate is directly dependent on 
the surface area of the producing bacteria, the diffusion constant of hydrogen or formate, the 
concentration difference between the producing and consmning organism, and the distance 
between the two organisms (Stams, 1994). 
Concentration gradient 
The concentration gradient is determined by the thermodynamical borders of the 
conversions being carried out by the organisms. For example, if organisms have to conserve 
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metabolic energy for growth then the concentration gradient will be smaller. The threshold 
value for hydrogen of methanogens and sulfate reducers are 3-10 and 1-2 Pa. This means 
that the partial presstu-e of hydrogen is lower in sulfate reducers then in methanogens. This 
affects the acetogens, which will grow better in environments with low hydrogen pressure. 
Acetogenic bacteria had a maximum specific growth rate of 0.10 in coculture with 
methanogens and 0.19 in coculture with sulfate reducers (Stams, 1994). 
Bacterial distances 
The diffusion distance between producing and consuming bacteria is largely 
determined by bacterial distance (Stams, 1994). The closer the bacteria to each other the 
better the hydrogen transfer will be. In granular sludge, the bacteria exist in densely packed 
granules with very low diffusion distances. Thus, activity in granular sludges is very high. A 
study on a propionate degrading syntrophic digester found an average distance of 76 |am 
between bacteria (Gujer and Zehnder, 1983). 
Temperature 
Temperature plays a large role in the kinetics of hydrogen transfer. Hydrogen 
formation becomes more favorable at high temperatures, whereas hydrogen consuming 
reactions become less favorable. Due to the temperature effect on hydrogen formation, lower 
hydrogen partial pressures are found at lower temperatures. This results in more efficient 
treatment of waste at lower temperatures due to the increased efficiency of the acetogens, 
which thrive on low hydrogen partial pressures. An increase in temperature affects the flux 
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of hydrogen in two ways: i) the diffusion coefficients of these compounds become higher, 
and ii) the concentration gradient between the methanogen and acetogen becomes steeper. 
Environmental Parameters 
There are certain parameters that play a particularly important role in the anaerobic 
treatment process. These parameters can be broken into two categories: environmental and 
operational factors. The environmental factors include temperature, pH, alkalinity, volatile 
acids, toxic metals, and ammonia. The operational factors include solids retention time 
(SRT) and organic loading rate (OLR). 
Temperature 
Temperature greatly affects the rate of stabilization of waste in a reactor. At higher 
temperatures reaction rates tend to increase, thus increasing the rate at which material is 
stabilized. Temperature not only affects the rate at which material is oxidized but also the 
rate of synthesis, regeneration, and endogenous respiration (Pfeffer et al., 1967). Studies 
have shown that reactions can take place as low as 5° C (Banik and Dague, 1996). There are 
generally two temperatures considered amenable to anaerobic digestion. These two 
temperatures are mesophilic and thermophilic temperatures and each contain a different set of 
anaerobic bacteria. 
Mesophilic temperatures are well documented to occur at around 35 °C. One of the 
first studies done at these temperatures found that within a range of 27 to 35 °C the rates of 
digestion generally remain the same (Rudolfs, 1927). This study also found that at 
temperatures lower than 25 "C the reaction rates decreased. Van den Berg found that the 
optimum temperature for converting acetic acid to methane occurred at 35 "C with small 
differences in conversion occurring between 30 and 40 °C (1977). Temperatures outside this 
range caused serious retardation in the conversion process. Lawrence and McCarty found 
that the substrate utilization coefficient for acetic acid decreased from 8.1 to 4.8 mg/mg/day 
as the temperature was decreased from 35 to 30 °C. At temperatures of 25 °C the utilization 
rate remained at 4.7 mg/mg/day (1969). The half velocity coefficient for acetic acid 
increased linearly over temperatures ranging from 25 to 35 °C. This demonstrates that the 
affinity for acetate by anaerobic microorganisms is directly dependent on temperature. 
Pfeffer et al. found that a reactor at 25° C can get the same removal as a reactor at a 
temperature of 35° C. However, it takes a longer SRT to build the necessary increase in 
microbial population due to the slower reaction rates which occur at 25° C as opposed to 35° 
C. Heukelekian et al. found the optimum mesophilic temperature to be 28° C (1939). 
Thermophilic temperatures have not been as well studied as mesophilic temperatures. 
Heukelekian and Kaplovsky found that an optimum temperature existed for anaerobic 
digestion other than 35 °C (1948). They found that a different consortium of bacteria 
(thermophiles) existed at an optimum temperature of 50 °C. Thermophilic temperatures are 
associated with much higher reaction rates (Buhr and Andrews, 1977; Garber, 1982; Rudolfs 
and Heukelekian, 1930). The minimum retention time for methanogenic bacteria at 
thermophilic temperatures is three days in comparison to ten days at mesophilic 
temperatures. There have been many disadvantages associated with anaerobic digestion at 
thermophilic temperatures. These include icnreased odor associated with the effluent and 
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also reduced quality of effluent (Fisher and Greene, 1945; Garber, 1982; Garber et ai, 1975). 
This poor effluent quality is often a result of higher volatile acids associated with 
thermophilic digestion (Garber, 1982). 
pH, alkalinity, and volatile acids 
The pH tolerance of an organism is usually considered a direct reflection of the pH-
activity characteristics of that organism's enzymes (Clark and Speece, 1971). Some general 
ways in which pH can affect enzyme activity are (a) change in the state of the enzyme 
ionizable groups such as carboxyl and amino groups, (b) alteration of some of the non­
enzyme components of the system such as substrate ionization, and (c) denaturing of some of 
the enzyme protein structure (Clark and Speece, 1971). These and other effects can occur 
with pH changes in anaerobic treatment. 
The pH of the liquor undergoing anaerobic treatment is related to several acid-base 
equilibria. However, for the pH range of normal anaerobic treatment (between 6.5 and 8), the 
major chemical system controlling pH is the carbon dioxide-bicarbonate system. This system 
is related to the hydrogen ion concentration by the following equation: 
The carbonic acid concentration (HjCOj) is related to the percentage carbon dioxide of the 
reactor gas. K, is the ionization constant that governs the reaction and changes as the 
pH 
(22) 
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temperature of the reactor changes. The bicarbonate ion concentration (HCO3') forms part of 
the total alkalinity (McCarty, 1964a). This formula is also important in determining the total 
alkalinity of the reactor. 
There have been many studies as to the optimum pH at which the anaerobic process 
should take place. It has been found that all three phases of anaerobic treatment 
(hydrolytic/fermentative, acetogenesis, and methanogenesis) require a different optimum pH. 
When all three phases operate together, the optimum pH is dependent on the rate limiting 
step of the overall treatment. The rate limiting step is often the methane formation step, 
depending on the substrate. Heukelekian and Heinemann (1939) found that a pH of 7.0 was 
the best pH for anaerobic treatment. He found that as the pH moves away from 7.0, the 
number of organisms fermenting waste sharply declines. Later work calls this into question. 
Dague indicates that the optimum pH is not one value but a range of values and that the 
optimum range is 6.8 to 7.2 with the limit of the range for operation without significant 
inhibition being 6.5 to 7.6 (Dague, 1974; Seagren, 1991). Seagren also found that 
methanogenic activity did not stop until a pH of 8.1 was reached (Seagren et al, 1991). This 
coincides with McCarty who found that the pH range without inhibition is 6.6 to 7.6 
(McCarty, 1964a). Clark and Speece (1971) found that acetate fermentation can be carried 
out without inhibition at a pH range between 6 and 8. This may be due to selection of pH 
tolerant methanogens in the reactor. Duarte and Anderson (1982) used the degradation of 
acetate to find that a minimum pH of 6.5 is needed for healthy reactor operation. This pH is 
higher than Clark and Speece's results primarily due to the fact that Clark and Speece used a 
biofilter which is more tolerant to pH changes than the CSTR which was used by Duarte and 
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Anderson. 
Alkalinity 
The total alkalinity represents the buffering capacity of the reactor against pH 
changes. A reactor with a low alkalinity is susceptible to rapid changes in pH, causing 
system imbalances. On the other hand, a reactor with a higher alkalinity can withstand slight 
imbalances. The alkalinity reacts with the volatile acids produced, neutralizing them, which 
helps maintain a healthy environment for the methane formers. Total alkalinity is based on 
the bicarbonate alkalinity and the acetic acid concentration and is expressed by the following 
formula (McCarty, 1964a); 
BA = TA - [(0.85)a:(0.833)A:7yyl] (23) 
where: 
BA = bicarbonate alkalinity mg/L as CaCOj, 
TA = total alkalinity mg/L as CaCOj, and 
TV A = total volatile acid concentration, mg/L as acetic 
acid. 
The factor 0.85 comes from the fact that only 85 percent of volatile acid alkalinity is 
measured by titration of total alkalinity to pH 4.0. The 0.833 is a conversion factor (50/60) to 
change total volatile acids, in mg/L as acetic acid to total volatile acid alkalinity, in mg/L as 
CaCOj. The equation also assiraies that there are no other significant concentrations of 
materials that will produce alkalinity. These materials could be, but are not limited to, 
phosphates, silicates, ammonia, hydrogen sulfide, or other acid salts. 
The total alkalinity inside a reactor tends to increase as the load increases. This is 
true as long as none of the reactions are inhibited. This is due to the production of ammonia 
73 
from the degradation of proteins in the reactor. The protein-containing wastes result in 
production of ammonia which reacts with carbon dioxide to form ammonium bicarbonate 
(NH4HCO3) (Seagren et al., 1991). 
Volatile acids 
Volatile fatty acids are organic acids that are produced as intermediates from complex 
substrates in the anaerobic process. The vast majority of these intermediates are in the form 
of either acetic, propionic, or butyric acids. In conventional anaerobic digestion of sludge, 
approximately 70% of the carbon proceeds through acetic acid, making it the most produced 
organic acid (Zehnder, 1988). The concentration of volatile acids is used to determine the 
health of a reactor. A large concentration of volatile acids indicates a build up of 
intermediates due to inhibition of the methanogens. Generally, as soon as the environment 
for the methanogens is restored to tolerable levels, volatile acid concentrations will return to 
background levels. 
Acetic and propionic are two and three carbon organic acids, respectively. Other 
longer chained organic acids are generally oxidized in the anaerobic envirorunent through 
beta-oxidation to propionic and acetic acid making these two the most critical. Butyric acid 
can occur in three forms (n, 2-meth, and 3-meth) and is the next most prevalent acid besides 
propionic and acetic. It is generally thought of as an intermediate formed from higher chain 
organic acids and is subsequently oxidized to two acetates. However, McCarty et al. (1962) 
found that butyric acid may be formed from acetic acid during periods of stress in a reactor. 
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McCarty and McKinney (1960) conducted one of the first studies concerning the 
metabolism of complex organics to volatile acids. The general reasoning at this time was 
that volatile acids themselves inhibited methanogenic bacteria. They found that acetate 
concentrations of 7000 mg/L exhibited inhibition. They used sodium acetate as a substrate 
and operated their reactors at 35 °C. Later testing found that the sodium ion was the toxic 
element and not the acetate. They concluded that the volatile acids themselves, generally, are 
not toxic and that environmental conditions that are causing the build-up of acids are 
responsible for the inhibition. 
McCarty and Vath (1962) ran studies to determine what concentrations of acetic and 
butyric acids become inhibitory to anaerobic digestion. They made a point of maintaining all 
environmental parameters within safe levels for methanogenic bacteria. They found that they 
could successfully degrade acetic acid up to levels of 21.9 g/L/day and butyric acid up to 
levels of 13.3 g/L/day. This proved that when high volatile acids occur it is not because the 
methanogens are slow, but that the environmental conditions are inhibiting their 
performance. This work was supported by Schulze and Rau (1993) who determined that the 
inhibition of anaerobic digestion at high volatile acids was due to either ammonia or 
potassium and not a high concentration of volatile acids. 
Propionic acid is considered one of the main indications of poor reactor performance. 
Propionic acid has been found to be very difficult to degrade, especially in comparison to 
acetic and butyric acid (Ozturk, 1993). It has been often written that the poor conversion of 
propionate is due to especially low partial pressures of hydrogen required to convert 
propionic acid to methane and carbon dioxide. In fact, several studies have shown that the 
75 
partial pressure of hydrogen does not greatly affect the degradation of propionic acid (Van 
Lier et al., 1993; Inane et aL, 1996). Van Lier showed that even small amounts of acetic or 
butyric acid can inhibit propionate degradation (1993). 
There have been very few studies on the effects of long chain volatile acids on 
anaerobic digestion. It is thought that long chain acids such as oleic acid act like detergents 
and attack the membrane cell wall association in bacteria. A study on oleic acid supported 
this theory by finding that sludge with less specific surface area had a higher tolerance of 
oleic acid than sludge with greater specific surface area (Hwu et al., 1996). 
Ammonia 
Ammonia has many fimctions in the reactor. High levels of ammonia can be toxic. 
Ammonia nitrogen also forms alkalinity in a reactor and can change the total alkalinity, pH, 
and volatile acids. 
Ammonia is usually formed in anaerobic treatment fi-om the degradation of wastes 
containing proteins or urea. It is present in the form of the ammonium ion (NH4") or as 
dissolved ammonia gas (NH3). These two forms are in equilibrium with 
each other as follows: 
AW; o NH, + H* (24) 
When the hydrogen ion concentration is high the equilibrium is shifted to the left with greater 
amounts occurring in the ammoniimi ion form. Normally all the ammonia is measiured as 
ammonia nitrogen which includes both anmionia and ammoniiun. 
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The concentration at which ammonia is toxic has been reported as quite variable. 
McCarty said that if the concentration of ammonia nitrogen is between 1500 and 3000 mg/L, 
and the pH between 7.4 and 7.6, the ammonia (NHj) can become inhibitory. Lowering the 
pH at these ammonia concentrations causes a shift in the reaction toward the ammonium ion, 
and thus these ammonia-nitrogen concentrations may not be inhibitory. Regardless of pH, 
total ammonia nitrogen concentrations in excess of 3000 mg/L are quite toxic (McCarty, 
1964b). Albertson (1961) found that ammonia nitrogen concentrations of 1200 to 1400 mg/L 
caused failure at loads between 0.2 to 0.44 lb volatile solids (VS)/day/ft^. It should be noted 
that in Albertson's studies the pH was quite high (7.2 to 7.8), which would lower the 
concentration at which ammonia would be toxic. Ammonia toxicity can also be expressed in 
the form of free anmionia. McCarty and McKinney (1961) found free ammonia 
concentration to be toxic starting from 130 mg/L to 150 mg/L, as N. 
Toxic metals, salts, and sulfides 
Besides ammonia, there are many materials that are toxic to anaerobic 
microorganisms. Almost any essential nutrient is toxic at high concentrations. The 
concentration at which substances become toxic varies. Some substances are toxic at a 
fraction of a mg/L while others are not toxic until many thousands of mg/L. Generally, salts 
and other materials have a stimulatory effect at low concentrations and then a toxic effect at 
higher concentrations. Some of the most common forms of toxicity stem from the alkali and 
alkaline-earth metal salts. These include sodium, calcium, potassium, and magnesium. 
These do not commonly occur in great enough concentrations in mimicipal waste waters to 
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cause a problem. However, industrial wastes may contain concentrations high enough to 
inhibit or even stop anaerobic treatment. Table 11 shows the stimulatory and inhibitory 
concentrations of the alkali and alkaline earth cations. 
Sulfide toxicity can occur from the introduction of sulfides or the biological 
production of sulfides from sulfates and sulfur-containing organic compounds, hi industrial 
wastes, sulfate salts usually represent the major precursors of sulfides. Sulfides exist in one 
of three forms. They may exist in the gaseous, soluble, or insoluble form. The form depends 
on the pH of the solution as well as the amount of cations available to form a precipitates. 
Sulfides become toxic at concentrations above 100 mg/L (McCarty, 1964b). However, with 
some acclimation, sulfide concentrations up 200 mg/L have been tolerated in reactors. 
Heavy metals are toxic at very low concentrations. Some of the most common heavy 
metals include copper, zinc, cadmium, lead, mercury, silver, and nickel. Heavy metals exist 
in two forais, insoluble and soluble. They inhibit the anaerobic process by inactivating the 
sulphydryl group of a wide range of enzymes. This inactivation inhibits or stops the growth 
Table 11. Stimulatory and inhibitory concentrations of alkali and alkaline earth 
cations (McCarty, 1964b). 
Cation Stimulatory Moderately Strongly 
Inhibitory hihibitory 
(mg/L) (mg/L) (mg/L) 
Sodium 100-200 3500 - 5500 8000 
Potassium 200 - 400 2500 - 4500 12000 
Calcium 100-200 2500 - 4500 8000 
Magnesium 
o
 1 
r-
1000- 1500 3000 
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of the organisms. The harmful metals are those in the soluble form, and their concentration 
depends on the concentration of sulfide in the system as well as the pH. Metals may be 
precipitated as sulfides or hydroxides, depending on the conditions. The equilibrium reaction 
between sulfides and heavy metals also depends on pH and temperature. Most researchers 
determine toxicity of heavy metals based on sulfide concentrations because it is relatively 
easy to measure. There have been numerous studies done on the toxicity of heavy metals. 
Barth et al. (1965) presented a report on the effect of heavy metals on the aerobic and 
anaerobic processes. Two very comprehensive studies were done on maximum 
concentrations and inhibitory concentrations of a variety of heavy metals by Mosey (1976 
and 1975). Mosey also studied the synergistic effects of heavy metals and presented new 
ways of determining heavy metal concentrations. 
Solids retention time 
Solids retention time is the average amount of time that the solids reside in the 
reaction vessel. Each microbial group has some minimum retention time that needs to be 
maintained in order for that group to thrive. If the retention time is too low, the bacteria 
group does not have time to reproduce and will be "washed out" of the system. The 
minimmn time needed for good system performance is affected by several factors. Some of 
these factors include temperature, availability of food, and toxic materials. In the anaerobic 
reactor the group requiring the longest retention time are the methanogens. At 35° C, some 
methanogens can regenerate in about ten days. Some species of methanogens require only 
four days. Pfeffer found that the SRT increases 50% for every 10° C of temperature decrease 
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(Pfeffere/fl/., 1967). 
The solids retention time (SRT) is found by dividing the total biomass in the system 
by the biomass wasted daily. 
Biomass inside system 
SRT = — —-— (25) 
Biomass removed per day 
The use of suspended solids for this calculation is adequate in that the average retention time 
of the mixed suspended solids in the system is a close approximation to the real SRT. This is 
true as long as flocculation of the organisms is taking place. It has been shown that under 
conditions where differential biomass settling occurs, the above ratio does not adequately 
measure the SRT (Dague, 1966). 
The minimum SRT can be expressed using Monod kinetics. McCarty (1966) 
developed the following equation for the growth of microorganisms as a function of time 
after organic waste has been added: 
dM {dF) 
—J— = a — - bM (26) dt dt ^ ' 
where: 
dM/dt = growth of microorganisms in mass per unit time, 
dF/dt = rate of BOD removal in mass per unit time, 
M = Mass of microorganisms present, 
a = growth yield constant, and 
b = microorganism decay rate in units/time. 
The equation states that the rate of growth of microorganisms equals the rate of waste 
utilization for synthesis minus the endogenous decay rate, which is a fimction of the mass of 
organisms. This implies that as the food use increases, more organisms will be produced and 
(27) 
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thus more will die. The rate of substrate utilization was expressed by the 
following formula; 
dF kMs 
dt ~ K, + s 
where: 
k = maximum specific rate of waste utilization, 
K5 = waste concentration at which dF/dt is one-half the 
maximum rate, and 
s = concentration of the waste surrounding the 
microorganism. 
Combining the previous two equations, McCarty provided an expression for the growth rate 
of the microorganisms in terms of waste concentration: 
dM 
dt oks 
- b (28) M K. + s 
S 
where: 
(dM/dt)/M = specific growth rate or firactional growth 
rate per unit time. 
These equations explain the kinetics of the microbial reactions in anaerobic and aerobic 
systems. They show that the rate of substrate removal depends on the food available, the 
mass of microorganisms, the death rate of microorganisms, and the rate of waste utilization. 
The rate constants firom the Monod functions are dependent on temperature and other 
environmental factors mentioned above. The reciprocal of the specific growth rate gives the 
biological solids retention time t^. It can be defined as follows: 
M 
At 
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This equation is the derivation of the SRT equation given in the beginning of this section 
(Equation 25). The minimum SRT can also be derived from Monod kinetics. The minimum 
SRT is reached when j = S, and can be approximated by the following, considering b to be 
negligible; 
The minimum is a fimction of the fraction of organic waste converted to biological cells a; 
the maximum rate of waste utilization, k:, and the raw waste concentration S. The value of a 
is much smaller in anaerobic processes than in aerobic processes giving the minimum 
retention time a greater value (Pfeffer et al., 1967). 
Organic loading rate 
The organic loading rate is the rate at which feed enters the system. Monod kinetics 
show that the amount and type of food plays an important role in the mass of microorganisms 
and the rate of growth. The fraction of organic waste converted to biological cells is 
primarily a fimction of the energy yield from the metabolism of the substrate. Since the 
methane formers represent the rate-limiting step in anaerobic treatment, the minimum 
retention time is determined by the energy yield in methane fermentation. 
The theoretical amount of methane that can be produced from an organic load remains 
constant. This is often overlooked in research. Many researchers point out the rate of 
methane yield, but fail to look at the total methane produced per mass of organic load. The 
amount of methane, and therefore the amount of biogas produced, increases as the SRT 
ak 
1 (30) 
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increases, approaching the theoretical ultimate yield value This is simply because the 
organisms have a longer contact time with the food. 
The food to microorganism ratio is not always consistent throughout the anaerobic 
reactor. A reactor with poor mixing may develop pockets of high organic concentration. 
This would cause some parts of the reactor to produce gas at higher rates than others. 
However, short-circuiting can be avoided by adequate mixing. This ensures that the substrate 
will be available to the microorganisms. 
Anaerobic Filter 
The anaerobic biofilter is a process in which a packed column is seeded with biomass. 
Some of the biomass attaches to the packing while the rest lies within the interstitial 
boundaries. Waste is then passed through the column, allowing the biomass to reduce 
organics into methane and carbon dioxide. One of the advantages of the anaerobic biofilter 
over conventional anaerobic reactors is that biological solids remain in the reactor vessel, 
allowing short HRTs while maintaining long SRTs. This high concentration of solids allows 
for the treatment of high strength soluble wastes. 
The first report in the literature of an anaerobic biofilter was in 1969 by Young and 
McCarty (1969). It consisted of a 28.5 liter reactor packed with 1-1.5 inch diameter 
quartzite stone. The stone had a porosity of 0.42. The reactor was operated in an upflow 
manner at a temperatiure of 25 °C and at HRTs between 4.5 and 72 hours. The reactor was 
fed two types of wastes. The first waste was a mixture of protein and carbohydrates. The 
reactor performed well, achieving upwards of 80% removal at loads up to 1.7 g COD/L/day. 
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At a load of 3.4 g COD/L/day and an URT of 9 hours the reactor removed only 60% of the 
COD fed. This percentage fell to 37% at the same load at an HRT of 4.5 hours. The second 
waste was a volatile fatty acid waste in which removals were in excess of 70% at most loads 
up to 3.4 g COD/L/day at HRTs as low at 4.5 hours. It was noted in this research that most 
of the treatment was achieved in the first four feet of a six foot reactor indicating that the last 
two feet were not needed. It was also noted that solids were contained not only on the 
packing material but also in the spaces between the packing. These solids were trapped in 
solution between the packing material and had a much higher volatile solids fraction than 
solids on the packing material. 
Reactor configuration and media effects 
Dahab performed one of the first studies to determine the effects of media design on 
the operation and performance of the anaerobic biofilter (1982). Dahab used four pilot scale 
units which were 1.83 m in height and 0.51 m in diameter. The units were packed with pall 
rings, perforated spheres, and two sizes of corrugated media. Loading rates ranged from 0.5 
to 16.0 g COD/L/day at a temperature of 30 °C. Grain alcohol production wastewater was 
used as a substrate. Dahab found that the majority of removal took place in the first 0.61 m 
of reactor height regardless of biofilter media type. In addition, the majority of COD 
removal was attributed to the biological solids held in suspension in the media void spaces. 
The modular corrugated media consistently provided better performance results than the 
loose-fill media did. This was probably due to two reasons. First, with equal specific surface 
areas, the modular media had larger effective pore spaces than the loose-fill media. Second, 
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the loose-fill media had poorer performance due to channeling and short-circuiting. Dahab 
also found that the specific surface area was not as critical as the effective pore size diameter. 
The media with a larger pore size diameter but smaller specific surface area performed better 
than media with a smaller pore size and larger specific surface area. 
Song and Young investigated the effects of specific surface area on the performance 
of the anaerobic biofilter (1986). They operated foiir identical biofilters having a volume of 
370 L. The reactors were operated in the upflow mode at a temperature of 35 °C. The 
substrate used in this study consisted of 67% alcohols, 7% VFA, and 26% carbohydrates on a 
COD basis. The organic loading rate, flow rate, temperature, and pH were held constant for 
each phase of this study. The first phase of this study compared two media types, each with a 
different specific surface area. These media were 60° crossflow and 45° tubular. The tubular 
media had a specific surface area of 98 mVm^. The crossflow media had specific surface 
areas of 98,138, and 223 mVm\ At loads of 2, 4, and 8 g COD/L/day and HRTs of 36, and 
18 hours it was found that the media with the largest specific surface area had the best 
removals. Also, the tubular media consistently performed worse than the crossflow media. 
However, a 100% increase in specific surface area only produced a 7% increase in removal 
efficiency at the loads tested. The increased performance at higher specific surface area may 
be negligible when compared to the increased potential for clogging due to the higher 
specific surface areas. 
Phase 2 of this study consisted of testing both tubular and crossflow media having the 
same specific surface area but different channel slopes in the media (Song and Young, 1986). 
The tubular media was at 90° and the crossflow was 67.5°, 45°, and 22.5°. The media with 
the lowest channel slope performed the best. The lower slope means a more horizontal media 
which would allow for better solids retention and the increased performance. It should be 
noted that the increase in performance is balanced by an increased chance of plugging. 
Van den Berg and Lentz showed that an increase in specific surface area leads to 
better performance, other conditions being equal (1979). They used a bean blanching waste 
that had a COD of 10,500 mg/L and operated the reactor at a 35 °C temperature, a recycle 
ratio of 4.5, and an HRT of 25 days. The media consisted of glass rods suspended in the 
reactor having specific surface areas of 397,250, 105, and 52 mVm^. It was found that the 
best performance in terms of overall removal was achieved by the media with a 397 m"/m^ 
specific surface area. The biggest difference in performance, however was between media 
with specific surface areas of 250 and 105 mVm^. The soluble COD removals for these 
media were 92 and 88%. Once again, the increase in removal is small compared to the 
increase in specific surface area. 
A study was done to compare the effects of media type in an anaerobic upflow 
blanket filter (UBF) (Kennedy et al., 1989). This is often called a hybrid biofilter. The UBF 
is operated in the upflow mode and has an open, unpacked area in the bottom of the reactor. 
This open area acts as a anaerobic blanket and typically composes between 30 and 70% of 
the reactor. The UBF does not use as much media as a fully-packed biofilter, thereby 
reducing the capital cost of the reactor. Keimedy's reactors were operated at 35 °C and had a 
recycle ratio of 5.4. The substrate used in this study was a combination of sucrose and acetic 
acid. Loads were applied to the reactor at rates of 3.3,4.4, and 5.5 g COD/L/day at HRTs of 
1.5, 1.1, and 0.9 days. Media types employed were a crossflow media with channel slopes of 
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66,40, and 80°, having a specific surface area of 100 and a random pack media having 
a specific surface area of 165 mVm^. The reactors were packed with media in the top 29% of 
the reactor. It was found that the low angle media retained solids slightly better, but the 
overall performance was virtually imaffected by media type. This supports other research 
discussed previously, showing that an increase in specific surface area or a decrease in 
chaimel slope only increases performance sUghtly. Also, this study showed that the UBF can 
be an effective reactor design in treating medium strength waste. 
A study in 1993 was used to determine the effect of different HRTs as well as 
comparing two types of anaerobic biofilters (Wirtz and Dague, 1993). This study employed a 
fully packed anaerobic biofilter with a volume of 9.5 L as well as a hybrid biofilter with a 
voliune also of 9.5 L. The hybrid biofilter is also known as an upflow blanket reactor (UBF), 
as mentioned previously. The UBF in this study was packed with filter media in the top 2/3 
of the reactor while the bottom 1/3 was left without media. The media used in this research 
consisted of pall rings with a specific surface area of 344 mVm^. A furfuraldehyde 
production waste was used as a substrate. It contained low levels of fiirfuraldehyde as well as 
1.2% acetic acid, and had a COD value of 13,300 mg/L. The reactors were each operated at 
HRTs of 24 and 12 hours. The removals were over 95% for loads of 3 -13 g SCOD/L/day 
and an HRT of 24 hours. SCOD removals were in excess of 92% at loads up to 23 g 
SCOD/L/day and an HRT of 12 hours. However, removal dropped to 83% when the load 
was pushed to 26 g SCOD/L/day. In an attempt to show the resilience of the anaerobic 
biofilter, shutdown studies were performed for each reactor at the two HRTs studied. The 
reactors were down for 15 days while maintaining the temperature at 35 °C. After 15 days 
the reactors were fed approximately 10 g COD/L/day and gas production was measured to 
determine recovery time. At the 24 hour HRT, the fully-packed filter achieved 87% removal 
of SCOD five hours after startup. The UBF only achieved 40% at this time. This low 
removal may have been due to an upset in the process which caused low pH. At the 12 hour 
shutdown both reactors were at 85% removal of SCOD five hours after startup. The UBF 
may have started up better at the 12 hour HRT because the concentration of SCOD was half 
as much as the start up concentration at the 24 hour HRT. 
In 1987, Howerton and Young investigated the operation of two anaerobic biofilters 
operating in series (1987). The idea behind this study was that the second biofilter could 
remove remaining organics from the first biofilter. The flow through the biofilters was 
reversed after a period so the follow biofilter became the lead biofilter. The biofilters were 
370 L in volume and were fiilly packed with 60° crossflow media which had a specific 
surface area of 98 mVm\ The temperature was 30 "C, and a synthetic alcohol stillage 
containing alcohols, volatile acids, and sucrose was used as a substrate. The systems were 
loaded at 4 g COD/L/day and 8 g COD/L/day. The soluble COD removals at these loads 
were 99 and 98%, respectively. The biofilters ran very well with short decreases in removals 
occurring when the biofilters sequence was switched. These decreases were temporary and 
were due to the sloughing off of solids from the lead biofilter which was formerly the follow 
biofilter. Granules were detected in the reactor and were tested for their activity. 
Studies about the downfiow stationary fixed film (DSFF) reactor started appearing in 
the literature around 1979 (van den Berg and Lentz, 1979). This biofilter is operated in a 
downfiow mode with media typically consisting of glass rods. The fundamental difference 
between this type of biofilter and the upflow biofilter is that the removal of organics results 
primarily from attached growth. As was discussed previously, most of the biological activity 
in the upflow biofilter is due to solids suspended in the interstitial boundaries of the biofilter 
(Dahab, 1982). The DSFF was used treat bean blanching waste and was compared to a UBF 
with various types of media (van den Berg and Lentz, 1979). The DSFF was found to 
perform equally with the UBF when compared at equal specific surface areas, flows, loads, 
and temperatures. 
Chiang and Dague (1992) operated a set of three anaerobic biofilters for the purpose 
of smdying whether the height to diameter ratio causes an effect on system performance. The 
system performance was measured at different loading rates and HRTs using soluble COD 
removal as a parameter. Height to diameter ratios of 1:2,4:1, and 14:3 were used in this 
study. The anaerobic biofilters were fully packed with random pack media (pall rings) 
having a specific surface area of344 mVm^. The reactors were each run at system COD 
loads ranging from 1 -12 g COD/L/day at HRTs of 12, 24, and 48 hours. Using these 
parameters it was found that reactor configuration had no discernible effect on system 
performance. 
Mixing and recirculation 
The effects of gas production on mixing inside the anaerobic biofilter have been 
studied by numerous researchers (Chiang and Dague, 1992; Chian and DeWalle, 1977; 
Donovan et al., 1981). Donovan conducted tracer studies on two pilot columns, each 3.05 m 
in height and 0.36 m^ in area. The tracer was lithium chloride and was injected into the 
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recycle lines of the effluent. It was concluded that the hydraulic behavior was closer to 
completely mixed than to plugflow. These effects were attributed to internal gas production, 
thermal currents, and recycle flow. 
Chiang and Dague's study also used lithium chloride to determine the hydraulic 
behavior of the biofilters (1992). The particulars of this study have been discussed 
previously. They found that the biofilters with the random packed media behaved as 
completely mixed reactors. Also, they foimd that there was considerable short-circuiting in 
the biofilters due to channelization through the media. 
Chain and Dewalle used an anaerobic biofilter to treat a landfill leachate wastewater. 
This wastewater had a COD of 54,000 mg/L and a pH of 5.8 (1977). The leachate waste 
contained mainly volatile fatty acids and carbohydrates. They found that at a recycle ratio of 
20 the reactor was completely mixed. Also, this recycle ratio was high enough to maintain a 
pH of 7.0 without the addition of alkalinity. This shows the important point that high recycle 
ratios can "dilute" toxic substances. High recycle ratios allow treatment of wastes that 
normally would contain toxic concentrations of substances. 
Young and McCarty (1969) mentioned that recirculation might be employed in the 
anaerobic biofilter to reduce organic loading and improve overall removal efficiencies. 
Recycling was employed in a pilot plant study of a guar gum effluent (Witt et ai, 1979). The 
recycle was employed to insure that pH was in the proper range and that toxic materials were 
diluted. The pilot plant was operated with organic loads of up to 24 g COD/L/day with 
removals of 70%. These removals would have been unachievable without the use of 
recirculation and show that although the cost of recirculation pumps may be high, they are 
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often needed. 
Shock loading 
In 1981, Kennedy and van den Berg used a bean blanching and a chemical industrial 
waste to study temperature effects as well as organic overloading of anaerobic biofilters 
(1981). Their reactors had a specific surface area of 140 mVm^ and were operated in a 
downflow mode. The reactors had a diameter of 2.8 cm, with the walls of the vessel acting 
as the growth media. The reactors were overloaded until the volatile acids concentration was 
greater than 500 mg/L. Loads ranged from 4 g/L at 10 °C to 18.4 g/L at 35 "C. The HRT of 
the reactors was held constant at about 0.78 days (18.7 hours). It was found that for the bean 
blanching waste, the maximum achievable load was 37% less at 25 °C than at 35 °C, and it 
was 75% less at 10 °C then at 35 °C. For the chemical industry waste, overloading was 
performed at 8 times the normal rate of loading for a period of 24 hours. When the load was 
returned to the normal rate, it was observed that the reactors required between 12 and 48 
hours to recover. During overloading, acetic, propionic, and butyric acid levels increased, 
but these levels decreased immediately after overloading stopped. It was also foimd that 
overloading was handled better with higher temperature. 
Anaerobic biofilters are known for the ability to absorb shock organic loadings 
without a prolonged decrease in performance. In 1991, a study was conducted to determine 
the effect of a series of shock organic loadings to a pilot-scale anaerobic biofilter (Caine, et 
al., 1991). The anaerobic biofilter employed was fed an ice cream/water-ice product waste 
with a total COD concentration of 6000 mg/L. The biofilter had a recirculation rate of 130% 
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of the flow and was 5280 L in volume packed with pall rings having a specific siuface area of 
160 mVm'. The biofilter was operated in an upflow mode and had a steady state organic 
loading rate (OLR) of 7.8 g COD/L/day at an HRT of 16 hours. When the heat was turned 
off for eight hours, the temperature of the biofilter decreased fi-om 35 °C to 25.5 °C. The 
temperature drop would have been greater; however, the recycle helped keep temperatures 
higher. There was no variation in removals during the period of low temperature. WhenpH 
control was turned off for eight hours, the pH decreased to 5.29 and took an additional 3 
hours to increase to 6.70. The authors state that no decrease in performance at low pH was 
found due to neutralization of volatile acids by alkalinity, This is probably not the case since 
volatile acids themselves are not toxic to methanogens (McCarty and McKiimey, 1961). The 
removals should have fallen since the hydrogen ion is toxic, and pHs of less than 6.6 cause 
inhibition (McCarty and McKinney, 1961). It has been reported that when pH falls to below 
6.6 in the effluent of a biofilter the pH near the microbes may be higher which may account, 
in this case, for no decrease in performance. 
When the COD was raised to 11000 mg/L for 8 hours, COD removals dropped from 
90 to 78%. This decreased removal was attributed to an increase in solids in the effluent. 
This increase in solids may be from increased gas production which increases mixing 
intensity in the reactor, allowing more biomass to slough off the media. Increasing the 
hydraulic rate from 330 L/hour to 565 L/hour for 8 hours also showed a decrease in COD 
removals. This was once again due to the increased solids in the effluent. 
Chian and DeWalle also determined how the pH is affected when HRT is decreased 
(1977). They used a high organic strength waste consisting of landfill leachate. The initial 
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pH of the waste was 5.8 and a recycle ratio of 20 was used to keep pH around 7.2. When the 
HRT was decreased from 42 days to 7 days for 1 day it was found that no decrease in pH was 
found. When the HRT was decreased from 42 days to 4.25 days for 1 day the pH fell to 6.9. 
When the HRT was decreased from 42 days to 3 days for a 2 day period pH fell to 6.9 and 
the performance decreased from 98% soluble COD removal to 55%. 
Temperature effects 
The anaerobic biofilter has been applied at many difference temperatures. Soto and 
Mendez compared the performance of the biofilter at thermophilic (55 °C) and mesophilic 
(37 °C) temperatures (1992). The reactors used in this research were 0.92 L in volume 
operated in the upflow mode with recycle rates ranging from 0.1 to 1.0 L/hr. The reactor 
were fully packed with random pack media (raschig rings) having a porosity of 94%. The 
reactors were treating a mussel cooking factory waste that had COD concentration ranging 
from 11.5 to 26.6 g COD/L. The waste was composed, on a COD basis, primarily of 
glucogen (70%) and protein (8%). It was found that the mesophilic biofilter retained more 
solids in the interstitial boimdaries helping it achieve higher loads than the thermophilic 
biofilter. However, the thermophilic biofilter performed more efficiently at any load after 
acclimation. Also, the thermophilic biofilter had more attached biomass which was more 
mineralized than the mesophilic biofilter. The mesophilic unit had a more occluded biomass 
with a higher volatile fraction, and thus was more biodegradable. The mesophilic unit was 
able to achieve loads in excess of 24 g COD/L/day while the thermophilic unit only achieved 
a load as high as 12 g COD/L/day. 
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Kennedy and van den Berg, in one of the first studies on the DSFF treated bean 
blanching waste (described previously) with a thermophilic DSFF operated at 55 "C (1982). 
There DSFF consisted of a needle punched polyester and red draintile clay media. The 
needle and clay tile media had a specific surface areas of 0.86 and 1.41 mVm^ respectively. 
The results fi-om the thermophilic study were compared to a previous study (van den Berg 
and Kennedy, 1981). It was found that the mesophilic units had a higher activity and more 
biomass than the thermophilic units. Also, more of the biomass was concentrated in the 
bottom of the reactor in the mesophilic unit as compared to the thermophilic unit. Despite 
these differences the performance was equal at both temperatures. Another important result 
fi-om this investigation was that the thermophilic unit had a much longer start-up time than 
the mesophilic unit. The difference, however, was not quantified in this paper. 
Harris and Dague performed a study showing contradictions with some of the other 
results found in the literature when comparing thermophilic and mesophilic operating 
temperatures in a biofilter (1993). They compared the performance of fiilly-packed anaerobic 
biofilters at thermophilic (55 °C) and mesophilic (35 °C) temperatures. The biofilters were 
operated in the upflow mode with a recycle ratio of 1 at HRTs of 12, 24 and 48 hours. The 
reactors were each 16.8 L in voliune and used a random pack media with a specific surface 
area of 344 mVm\ The reactors were fed a nonfat dry milk (NFDM) substrate. It was found 
that the thermophilic biofilters were able to achieve almost twice the organic load than the 
mesophilic biofilters (38.5 vs. 22.0 g COD/L/day). The maximum load applied to the 
biofilter was determined by looking at the maximum COD removal rate. It was found that 
the biofilters are able to achieve some maximum COD removal rate. As the load in increased 
past the point where this rate is reached, the removal rate does not increase any more, but 
remains the same. In comparing the performance at any load, the mesophilic biofilter was 
able to achieve higher removals, supporting the argument that mesophilic temperatures are 
able of achieving better organic removals. Regardless of the higher removals, mesophilic 
systems operate at slower reaction rates, limiting the load that can be applied to them. 
High organic loads 
The anaerobic biofilter is capable of withstanding high organic loads due to its innate 
ability to retain solids. Harris and Dague utilized this ability in their study on the degradation 
of NFDM at both mesophilic and thermophilic temperatures (1993). They achieved loads in 
the thermophilic imit in excess of 49 g COD/L/day at an HRT of 12 hours. Soluble COD 
removals at these loads was 78%. The mesophilic unit was able to achieve a 86% reduction 
in soluble COD at a load as high as 22 g COD/L/day at a 48 hour HRT. 
Witt, using a waste firom guar production, was able to achieve 60% soluble COD 
removal operating an upfiow filter at an HRT of 1 day and a load of 9.1 g COD/L/day (Witt 
et ai, 1980). This study was one of the first fiill scale plant studies done using the anaerobic 
biofilter. 
Guiot and van den Berg used a UBF to treat sucrose up to a load of 51 g COD/L/day 
(1985). The UBF was 1/3 packed with a media having a specific surface area of 25 mVm\ 
The UBF was operated at 27 °C with a recycle ratio of 5.4. It was found that the UBF was 
able to achieve a 60% removal in soluble COD at a load of 51 g COD/L/day at an HRT of 1.2 
hours. The HRT was in excess of 95% for the waste at a strength of2500 mg/1 for HRTs as 
lows at 3.8 hours. They also determined the effects of high feed concentrations on reactor 
performance (Guiot and van den Berg, 1985). They increased the feed concentration of 
sucrose from 2500 to 5,000,10,000 and 20,000 mg COD/L. They foimd that the VSS 
content of the reactors was directly responsible for the removal of COD. In other words, as 
the VSS content of the biofilter increased, the COD removal of the biofilter increased. They 
also performed many tests on yield, maximum substrate utilization rates, and endogenous 
decay. 
Mueller and Mancini (1975) used a protein-carbohydrate waste to test reactor 
performance at high loads . They used a fully-packed biofilter with 5/8 in. polypropylene 
pall rings having a porosity of 0.85. The reactor was operated at 35 °C and loaded up to 27 g 
COD/L/day. They found that the soluble COD removal was 58% at a load 27 g COD/L/day. 
Hamado and Keimedy used acetate to test the performance of the DSFF at high 
organic loads (1987). The DSFF used a media with a specific surface area of 75 mVm^ and a 
recycle ratio of 4.5. There reactor was operated at 35 °C with feed concentrations ranging 
from 2.5 to 20 g COD/L. The reactor removed 85% soluble COD at a load of 17.5 g 
COD/L/day and an HRT of 27 hours. The feed concentration for this reactor was 20,000 mg 
COD/L. When the feed concentration was lowered to 10,000 mg COD/L with a load of 17.5 
g COD/L/day, the soluble COD removal was 88%. 
Kermedy and Droste used the same conditions as above, but used sucrose instead of 
acetate to determine the effects of high organic loads on the performance of the DSFF (1986). 
They found that at a load of 18 g COD/L/day and a feed concentration of 10,000 mg COD/L, 
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the DSFF was capable of 60% removal in COD. The soluble COD removal decreased as the 
HRT was decreased for any given feed concentration. The loads possible for achieving a 
60% removal of soluble COD for feed concentrations of 2,500, 5,000,10,000, and 20,000 mg 
COD/L were 5.5, 8.5,16, and 9.5 g COD/L/day, respectively. This shows that as the 
concentration of feed was increased, the load applied could be increased to maintain a set 
organic removal. This compensation ended, however, at 10,000 mg COD/L. 
Anaerobic Sequencing Batch Reactor 
The anaerobic sequencing batch reactor (ASBR) is a batch fed system applying fill 
and draw principles. The origins of the ASBR can be traced back to Dague in 1966 (Dague 
and McKiimey, 1966). The work was inspired by earlier work by Schroepfer in 1955 
(Schroepfer et ai, 1955). Schroepfer took the conventional anaerobic reactor, which was 
treating slaughterhouse waste, and added a clarifier to separate solids. He then recycled the 
solids back to the reactor. This process increased the solids level in the reactor, thereby 
increasing methanogenic microbe concentration, which in turn increased performance. The 
principle is simple, by increasing biomass, the reactor worked more efficiently at higher 
organic loading. Dague used this study as a spring board for his work with a new process 
called the anaerobic activated sludge process. Dague's process was batch fed, and by 
allowing a period of quiescent settling, employed an internal clarifier. 
The ASBR is a suspended growth system that employs four phases: feed, react, 
settle, and decant. The feed phase allows substrate to be added to the reactor following the 
decant phase. After feed is added to the reactor the F/M ratio is high and destruction of 
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organics proceeds at a high rate during the react phase. Mixing occurs intermittently or 
constantly throughout the react phase. At the end of the react phase the F/M is low and gas 
production is low. These conditions allow for optimum conditions for the settle phase. 
During the settle phase the mixing is shut off and the biomass is allowed to settle within the 
ASBR. When the biomass has been allowed to settle, the reactor is decanted. The volume of 
decant depends on the HRT and the nimiber of cycles per day in the ASBR. The cycles per 
day and the time of each cycle can vary for different wastes. Normally, there will be between 
4-12 cycles per day. However, there have been ASBRs run in the laboratory with a cycle 
time of 24 hours (Schmit, 1992). The settling in the ASBR allows the retention of biomass in 
the reactor. This allows the ASBR to have a high solids retention time which allows high 
organic loadings. The fill and draw process also selects for the more active granular biomass. 
This granular biomass allows for even higher organic loadings, and produces a low solids 
effluent. 
The first work done with the ASBR was by Dague and Habben (1991). By 
employing the ASBR with its enhanced ability to maintain a high biomass concentration, 
Habben was able to achieve 80% reduction in COD at HRTs of 1.08 and 2.17 days at COD 
loadings up to 3 g/L/day at 35 °C. At a load of 4 g/L/day and above there was a decreased 
performance in the ASBR. This was attributed to the F/M ratios which were above 0.3 g 
COD/g MLVSS/day. Pidaparti next applied the ASBR in 1991 to treatment of swine waste 
(1991). Pidaparti's experiment compared performance at 25 °C and 35 °C. Pidaparti 
achieved 70 - 80% removal of volatile solids at loadings up to 6 g VS/L/day and a 6 day 
HRT. Pidaparti achieved similar removals at both 25 and 35 °C, which proved the theory that 
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the ASBRs ability to retain solids should compensate for reduced methanogenic activity at 
lower temperatures. Schmit, in 1992, continued Pidaparti's experiment at temperatures of 20 
°C (Schmit and Dague, 1992 and 1994). He achieved volatile solids removals of 50% at 
volatile solids loadings up to 5.5 g VS/L/day and an HRT of 6 days. This showed that the 
ASBR was able to compensate for lower temperatures with some sacrifice of organic removal 
at the lower temperature. 
In 1992, Sung and Dague reported the fundamental principles of the ASBR (Sung and 
Dague, 1992; Dague and Sung, 1992). There were numerous significant findings in this 
study. The most significant was that because of selective pressure in the ASBR, granules 
will form. The granules that formed settled very quickly and were more active than 
flocculant biomass. Sung formed granules up to 1.3 mm average diameter. This study also 
found that intermittent mixing, 2-5 min/hr, was just as effective as continuous mixing. 
Sung also achieved removals of 85 -95% over a range of loadings of 1 to 8 g COD/L/day and 
HRTs of48, 24, and 12 hours at 35 °C. 
The settling velocity and efficiency is very important in the ASBR, in terms of 
biomass retention. Herum and Dague conducted a study to determine if applying a vacuum 
to the ASBR before decanting would allow the ASBR to retain more solids, allowing shorter 
start-up periods and higher organic loads (1993). They used two 10 L ASBRs operated at 35 
°C for their study. The reactors were fed NFDM and were operated at loads ranging from 2 
to 10 g COD/L/day. The reactors were mixed for 15 minutes immediately before the settling 
mode was started. During this mixing, a 6 inch water head vacuum was applied to the 
ASBR. The vacuum was applied to remove any gas attached to biomass in the reactor which 
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would hinder it from settling. It was found that the reactor with the vacuum applied 
accumulated volatile solids 50% faster than the reactor without the vacuum. Also, the 
vacuum enhanced reactor attained 70% COD removal in 25 days from start-up at a load of 
2.5 g COD/L/day. The non-vacuum enhanced reactor took 31 days to achieve this same 
performance. 
Hollopeter and Dague applied the ASBR to the treatment of landfill leachate (1994). 
They used an ASBR at 35 "C operating at HRTs of48, 36,24,18, and 12 hours. The organic 
loading on the ASBRs ranged from 1.6 to 3.5 g COD/L/day. The ASBRs were seeded with 
granular biomass. The ASBRs were capable of total and soluble COD removals in excess of 
85 and 90%, respectively, at all loads and HRTs tested. 
Angenent and Dague conducted a study to compare the upflow anaerobic sludge 
blanket (UASB) reactor with the ASBR reactor (1995). The reactors were each 12 L in 
volume and operated at 35 °C and at an HRT of 12 hoiurs. The UASB had a recirculation 
ratio of 10. The substrate used in this study was sucrose. It was foimd that up to loads of 19 
g COD/L/day, both the ASBR and the UASB were capable of soluble COD removals in 
excess of 90%. Also, both types of reactors were capable of maintaining a granular biomass, 
which is important to each in terms of performance. 
The start-up procedure in an ASBR is very important. The operator would like to 
minimize start-up time and also minimize the amount of biomass needed to seed a reactor. 
De Los Reyes and Dague conducted a study to determine the optimum conditions for start-up 
(1995). Two 10 L ASBRs were used to determine optimum mixed liquor volatile suspended 
(MLVSS) levels for efficient start-up of an ASBR. Six start-up runs were done with the 
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MLVSS ranging from 1500 mg/L to 21,800 mg/L using NFDM as a substrate. The 
parameter used to characterize the start-up was the food/microorganism (F:M) ratio. The 
F:M ratio was varied from .09 to 1.33. Start-up was considered concluded when the ASBR 
was capable of achieving total COD removals in excess of 90%. It was found that in order to 
maintain a SRT above 10, a F:M ratio of 0.5 was needed for start-up an ASBR. 
Banik and Dague used the ASBR to treat dilute wastewater at psychrophilic 
temperatures (1996). They operated four ASBRs at temperatures ranging from 25 to 5 °C and 
HRTs ranging from 24 to 6 hours. NFDM was used as a substrate for this study at a COD 
concentration of 600 mg/L. They found that the ASBR was capable of removing 90% of 
COD and BODj at temperatures from 25 to 20 °C. Also, the ASBR was capable of removing 
75% of COD and BODj at temperatures as low as 5 °C at a six hour HRT. More importantly, 
this study proved that the ASBR is capable of compensating for the reduced growth rates at 
lower temperatures by retaining more solids in the reactor at lower temperatures. 
Temperature-Phased Anaerobic Digestion 
The temperature-phased anaerobic digestion system is the combination of a first stage 
thermophilic anaerobic reactor operated at 55 °C followed by a second stage anaerobic 
mesophilic reactor operated at 35 °C. This concept has been under study by Dague and 
coworkers at Iowa State University (Harris and Dague, 1993; Han and Dague, 1995; Kaiser 
et al., 1995; Steinbach, 1994). This system combines the advantages of both the mesophilic 
and thermophilic processes while eliminating the disadvantages of each. 
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Temperature-phased anaerobic treatment eliminates the disadvantages of thermophilic 
treatment (high volatile acids and low removals) by combining a mesophilic second stage 
with a thermophilic first stage. The low quality effluent fi-om the high rate thermophilic 
reactor is fed to the mesophilic reactor, which converts the remaining organics to methane 
and carbon dioxide. This two stage system was first used when Harris observed that poor 
quality effluent firom a thermophilic anaerobic filter was rapidly converted to methane when 
fed to a mesophilic reactor (Harris, 1992). 
Harris, after the initial observation, performed a set of experiments in order to 
determine the performance of the temperature-phased system (1992). He foimd that at 
system HRTs of 24 and 48 hours, total COD removals in excess of 90% were achievable at 
loads up to 20 g COD/L/day using NFDM as a substrate. Harris was using two anaerobic 
biofilters in the upflow mode with a recycle ratio of one. 
In 1995, Kaiser and Dague reported studies on the temperature-phased anaerobic 
process. The study was performed with three sets of two reactors operated in the 
thermophilic/mesophilic phased mode. The reactors were anaerobic biofilters operated in the 
upflow mode with a recycle ratio of one. They were each packed with plastic media. The 
thermophilic/mesophilic size ratios were varied from 1:1, to 1:3, to 1:7. This allowed for the 
mesophilic filter to be 50,66, and 86% of the total system volume. The systems were tested 
at HRTs of48, 36, and 24 hours. Since the thermophilic reactor was kept smaller for most of 
the experiments, it handled the brunt of the load with up to 128 g COD/L/day at HRTs as low 
as 3 hours. At a 48 hour system HRT, TCOD removals were in excess of 93% for loads from 
2 -10 g COD/L/day. SCOD removals over these loads were in excess of 98.4%. At a system 
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HRT of 36 hr, TCOD removal were in excess of 91% for loads from 2 - 9 g COD/L/day, 
while SCOD removals were in excess of 97.4% over these loads. The study also included a 
system HRT of 24 hours. At this HRT, TCOD removals were in excess of 91% at loads from 
10 -16 g COD/L/day. SCOD removals at these similar loads were in excess of 97.2%. 
Overall, it was found that the system performed equally at all size ratios. 
Steinbach conducted a study in 1994 using a thermophilic ASBR followed by a 
mesophilic ASBR to treat NFDM at HRTs of 54 and 18 hours (Steinbach, 1994). The system 
was capable of achieving soluble COD removals in excess of 98% at loads ranging from 2.9 
to 10.0 g COD/L/day. Total COD removals were in excess of 94% at these loads. At a 
system HRT of 18 hours the system was capable of total and soluble COD removals in 
excess of 91 and 98%, respectively, at loads ranging from 8.0 to 18.0 g COD/L/day. 
Welper reported a study in 1995 which used a thermophilic ASBR followed by a 
mesophilic ASBR (Welper, 1995). This temperature phasing study was done at a system 
HRT of 18 hours. This was accomplished by having the first stage thermophilic ASBR 
operating at a 6 hour HRT and the second stage mesophilic ASBR operating at a 12 hour 
HRT. The system was tested using NFDM at organic loads from 6.5 to 25 g TCOD/L/day. 
The system achieved in excess of 90% removal of TCOD at loads up to 22 g TCOD/L/day, 
and SCOD removals in excess of 96% at these loads. At a load of 25 g TCOD/L/day the 
system performance started to decline and TCOD removal was 84% while SCOD removal 
was at 88.8%. The reactor experienced failure when the load was increased above 25 g 
TCOD/L/day. 
103 
Han and Dague applied the temperature phasing idea to conventional anaerobic 
digestion using a thermophilic CSTR followed by a mesophilic CSTR (1995). They 
compared the temperature-phased system with a single stage CSTR operated at a mesophilic 
temperature of 35 °C using primary sewage sludge as a substrate. The systems were operated 
at HRTs of 15 and 10 days. This was achieved by having a thermophilic/mesophilic ratio of 
1:2. The temperature phased system had VS destructions which were 18% higher than the 
single stage mesophilic system. The temperature phased system also produced 16% more 
methane. The two-stage, temperature-phased system was also capable of almost complete 
destruction of total and fecal coliforms producing a sludge that meets CFR 40, Part 503 
coliform requirements for Class A sludge. The temperature phased system achieved a 
99.999% reduction in fecal and total coliforms while the single stage system had only a 66% 
reduction. Han and Dague also found that for a given VS destruction rate, the HRT required 
for the temperature phased system is two days less then for a single stage system (1995). 
This results in 20% less total volume. 
Han and Dague also applied this process in a similar experiment treating 50% primary 
and 50% waste activated sludge (Han and Dague, 1996a, Han and Dague, 1996b). They 
operated the systems described previously at HRTs ranging from 11 to 40 days. They found 
that for a given volatile solids load the temperature-phased system was capable of the same 
performance at an SRT which was 40% less than that of the single stage process. Also, the 
temperature-phased system was capable of achieving an average of a 6 log reduction in fecal 
coliforms compared to the 90% reduction achieved by the single stage system. The 
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temperature-phased system was capable of producing a sludge that meets CFR 40, Part 503 
coliform requirements for a class A sludge. 
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EXPERIMENTAL SETUP 
Three identical biofiUer-ASBR systems were used in this experiment. Each system 
contained an anaerobic biofilter followed by a holding tank followed by an ASBR. Figure 29 
shows the typical setup for the temperature phased system used in this research. The 
biofilters and ASBRs were constructed at the Engineering Research Institute Machine Shop 
at Iowa State University (Ames, lA). The holding tanks were constructed at the Chemistry 
Machine Shop at Iowa State University (Ames, lA). 
Anaerobic Biofilter Design 
Three identical anaerobic biofilters were used in this experiment. Figure 30 shows a 
profile view of a typical anaerobic biofilter. The body of each biofilter was cylindrical and 
constructed of 0.25 in. Plexiglas. Each reactor body was 11 inches in height and had an 
inside diameter of 5 in. Each reactor had a 1.5 in. flange around the top and the bottom. 
Figure 31 show the plate which was attached to the top of the reactor. The plate was 8 in. in 
diameter and constructed of 0.5 in. Plexiglas. The plate was attached with 12 stainless steel 
bolts, each 0.375 in. in diameter and 1.5 in. in length. The bolts were equally spaced around 
both the top and bottom flange. A rubber "O" ring was fitted in a groove in the top and 
bottom of the reactor to provide a gas tight seal. The top plate contained a 0.375 in. diameter 
barbed fitting (Central Stores, Iowa State University, Ames, lA) which was used to 
discharge both biogas and liquid effluent. 
Figure 32 shows the bottom plate of the biofilter. This plate was 8 in. in diameter 
with a thickness of 0.5 in. It contained 12 equally spaced holes for stainless bolts 2.75 in. 
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Figure 29. Schematic of temperature-phased system. 
in length and 0.375 in. in diameter which were used to attach the diffliser plate (Figiure 33) 
and the bottom plate to the body of the reactor. The diffuser plate was 8 in. in diameter and 
had a thickness of 1-1/8 in. It contained 12 equally spaced holes for stainless steel bolts. The 
diffuser plate contained grooves for two rubber "O" rings. The "0" rings were place on the 
bottom and top of the diffuser plate to insure a gas tight seal when the diffuser plate was 
attached to the bottom plate and body of the reactor. The diffuser plate contained a 0.375 in. 
diameter influent port which was used to feed the biofilter. Feed was fed through the diffuser 
plate to the reactor via 4 -1 in. distribution holes. 
The reactors were fully-packed with 0.625 in plastic Flexiring media (Koch Engineering 
Company, Inc. Wichita, Kansas). Reactor bed porosity varied from 0.889 to 0.899. The 
media had a specific surface area of 344 mVm\ as reported by the manufacturer. 
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Figure 30. Profile view of anaerobic biofilter. 
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Figure 31. Top plate of anaerobic biofilter. 
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Figure 32. Bottom plate of anaerobic biofiiter. 
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Constant Temperature Water Bath 
A constant temperature water batch was constructed to house the three anaerobic biofiUers. 
Figure 34 shows the water bath in top and profile view. The water bath was constructed by at 
the Engineering Research Institute Machine Shop at Iowa State University (Ames, LA). The 
water bath was constructed with 0.50 in. Plexiglas. It had a overall length of 40 in. and a 
height of 13 in. The water bath was reinforced with both eight 4 in. ribs placed around the 
water bath and attached to the side, and a 2 in flange which surrounded the rec 
tangular water bath. The water bath also contained a 0.75 in port in the bottom of the bath. 
A 0.75 in. ball valve was attached to the port and was used periodically to empty and clean 
the water bath. The water batch was kept heated to a constant temperature of 55± 1 °C by a 
Fisher Scientific Model 730 Isotemp Immersion Circulator (Fisher-Scientific, Pittsburgh, 
PA). Hollow propylene balls which were 20 mm in diameter (Cole-Parmer Instrument 
Company, Chicago, IL.) were added to the top of the water bath to prevent evaporation. 
Holding Tank 
The purpose of the holding tank is explained in the experimental procedure section of 
this dissertation. The holding tank was housed in a constant temperature room at 35± 1 °C. 
The tank was constructed at the Chemistry Machine Shop at Iowa State University. The 
holding tank consisted of a body, a top and bottom plate, a gas recirculation system, and a 
level sensor. Figiu"e 35 shows a profile view of the holding tank. The body of the cylindrical 
holding tank was constructed of 0.25 in Plexiglas. It had a height of 24.5 in and an inside 
diameter of 10 in. This gave the holding tank a working volume of approximately 30.0 L. 
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The body contained three effluent ports. Two ports were located towards the top of the 
reactor. They were not used in this research, but were 0.50 in. in diameter and 1.5 in. in 
length. A six inch piece of 0.375 in. Tygon tubing was attached to each port and, 
subsequently, clamped for the duration of this research. The third port was located on the 
bottom of the reactor and was identical to the other two ports except that the port extended 
down inside the tank to within 0.125 in. of the bottom of the holding tank (Figure 35). This 
port was connected to an actuated ball valve and was used to empty the holding tank. The 
actuated ball valve will be explained in the Control System section of this part of the 
dissertation. The body contained a flange around both the top and the bottom of the body. 
The flange was 1.5 in. in diameter and contained 12 bolt holes. The flange was used to fasten 
both the top and bottom plates (Figures 36 and 37) to the body. The flanges also contained a 
groove which fit a rubber "O" ring. This ring was used to seal the holding tank making it gas 
tight. 
The top plate of the holding tank (Figure 36) was made fi-om 0.75 in. Plexiglas and 
was 13 in. in diameter. The plate was fastened to the body of the holding tank by 12 - 0.25 in 
diameter bolts 1.5 in. in length. The bolts were equally spaced aroimd the circumference of 
the top plate. The top plate contained four ports. Each port was 0.50 in. in diameter. Each 
port had a 0.50 in. stainless steel tube that was fastened with a Swagelok fitting. The ports 
were used, respectively, for gas recirculation in, gas recirculation out, biogas, and influent. 
The influent port extended approximately 3 in. into the tank. The gas out and biogas ports 
were flush with the bottom of the top plate. The gas in port was cormected to the gas 
distribution system (Figure 38). The biogas port was connected to the gas collection system. 
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The influent port received influent from the biofilter. 
The bottom plate of the holding tank was made from 0.75 in. Plexiglas and was 13 in. 
in diameter (Figure 37). The bottom plate consisted of 12 bolts placed exactly as those used 
for the top plate. The bottom plate also contained a level sensor and three legs. The three 
legs attached to the bottom plate were cylindrical in nature and had a length of 3 in. and a 
diameter of 2 in. The legs were constructed with Plexiglas. The level sensor was a gems 
series LS-3 level switch (Gems Sensors Division, Plainsville, CT), and was mounted on a 
threaded stem which was on the bottom plate (Figure 37). The sensor had 0.125 in. NPT 
threads and had a float diameter of 1 in. The level sensor was a single station float sensor. It 
was connected, electrically, to the control system and will be explained in a section later in 
the dissertation. 
Biogas Recirculation System 
The biogas recirculation system used in the holding tank consisted of a gas 
recirculation pump (Figiure 38) and a gas distribution system (Figure 39). The biogas was 
pumped from the holding tank through 0.375 in. Tygon tubing to the gas distribution system. 
The gas distribution system (Figure 39) consisted of 0.50 in. diameter stainless steel tubing. 
The system had a vertical tube 23 in. in length which was connected to a ring which was 8 in. 
in diameter. The ring contained four holes of 0.625 in. in diameter spaced equally around the 
ring. The holes were pointed up and acted as an exit port for the recirculating biogas. The 
biogas was pumped using a variable speed peristaltic pump (6 - 600 rpm) with a size 18 
pump head (both from Cole-Parmer Instrument Company, Chicago, IL). The pump was 
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controlled with a model XT Chrontrol timer (Cole-Parmer Instrument Company, Chicago, 
IL) which turned the piunps on and ofif at programmed times. The pump head tubing was 
Masterflex size 18 Norprene tubing (Cole-Parmer Instrument Company, Chicago, IL). Pump 
head tubing was connected to the Tygon tubing with 2-way, 0.25 to 0.625 in. polyethylene 
connectors (Chemistry Stores, Iowa State University, Ames, lA). 
Anaerobic Sequencing Batch Reactor 
Three identical ASBR systems were constructed for this research. Each ASBR 
system consisted of an ASBR, mechanical mixer, influent pump, effluent pump, gas/foam 
separator, and biogas collection and measurement system (Figure 40). The ASBRs were in a 
constant temperature room (35 ±1 °C) for the duration of this study. The biogas collection 
measurement system and gas/foam separator will be discussed in a later section. The ASBR 
itself consisted of a body and a top plate. 
The body of the ASBR was constructed from 0.25 in. thick Plexiglas and was 
cylindrical in shape (Figure 41). The body had a inside diameter of 8 in. and a height of 16 
in. The bottom of the ASBR body was 0.50 in. thick and had a diameter of 11 in. The body 
of the ASBR contained a flange around the top of the body. The flange, 11 in. in diameter, 
had a thickness of 0.50 in. The flange contained 12 equally spaced holes which were used to 
bolt the top plate to the body of the ASBR. The bolts were each made of stainless steel and 
had a diameter of 0.25 in. and a length of 1.5 in. The flange on top of the body of ASBR also 
contained a groove in which was fitted a rubber "0" ring which made a gas tight seal when 
the top plate was bolted on. The inside of the body of the ASBR contained four baffles at 90° 
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from each other. The baffles were 0.50 in. in width and thickness, and ran down the entire 
length of the ASBR body. The body also contained a sample port located 7 in. from the 
bottom of the reactor. The sample port was 0.50 in. in diameter and had a length of 1.25 in. 
The port contained a six inch piece of 0.375 in. inside diameter Tygon tubing. 
The top plate of the ASBR (Figure 42) was constructed from 0.50 in. thick Plexiglas 
and had a diameter of 11 in. The top plate contained four ports which were used for feeding, 
decanting, biogas collection, and mixing. The mixing port was in the middle of the plate and 
contained a 0.74 in. stainless steel tube which had a length of 10 in. below the bottom of the 
plate. The tube contained plastic bearings which held a 13 in. long, 0.375 in. diameter 
stainless steel shaft in place. The shaft contained a Lightnin A-310 High Efficiency Axial 
Flow Impeller (Cole-Parmer Instrument Company, Chicago, EL) which had a overall 
diameter of 2.5 in and a bore diameter of 0.375 in. The mixer was powered by a 0.25 hp 
electrical mixer (Model 5VB-C 926126, Eastern Mixer, Clinton, CT) which was controlled 
by a model XT Chrontrol timer (Cole-Parmer Instrument Company, Chicago, IL) which 
txmied the mixer on and off at programmed times. 
The decant, gas, and feed ports were all 0.50 in. diameter stainless steel tubes which 
were connected to the reactor with Swagelok fittings. The gas port was flush with the bottom 
of the top plate. The decant port was adjusted so that the tube was approximately 1 in. below 
the liquid level at the end of the decant phase. The feed port was approximately 3 in. below 
the level of the top plate. 
The ASBR was fed with a constant speed peristaltic pimip (60 rpm) fitted with a size 
18 pump head (pump model 7543-60, head 7018-20, Cole-Parmer Instrument Company, 
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Chicago, IL). The pump head tubing was Masterflex size 18 Norprene tubing (Cole-Parmer 
Instrument Company, Chicago, IL). The pump was controlled with a model XT Chrontrol 
timer (Cole-Parmer Instrument Company, Chicago, IL) which turned the piunps on and off at 
programmed times. Pump head tubing was connected to Tygon tubing with 2-way, 0.25 to 
0.625 in. polyethylene connectors (Chemistry Stores, Iowa State University, Ames, LA). The 
inlet side of the feed pump was connected to the holding tank via the actuated ball valve with 
Tygon tubing. The discharge of the feed pump was connected to the feed port contained on 
the top plate of the ASBR (Figure 41). 
The ASBR was decanted with a constant speed peristaltic pump (60 rpm) fitted with a 
size 18 pump head (pump model 7543-60, head 7018-20, Cole-Parmer Instrument Company, 
Chicago, IL). The pump head tubing was Masterflex size 18 Norprene tubing (Cole-Parmer 
Instrument Company, Chicago, IL). The pimip was controlled with a model XT Chrontrol 
timer (Cole-Parmer Instrument Company, Chicago, IL) which turned the pumps on and off at 
programmed times. Piraip head tubing was connected to Tygon tubing with 2-way, 0.25 to 
0.625 in. polyethylene connectors (Chemistry Stores, Iowa State University, Ames, LA). The 
inlet side of the decant pump was connected to the decant port on the top plate of the ASBR 
(Figure 41). The discharge side of the decant pimip was connected to the drain with Tygon 
tubing. 
Biogas Collection and Measurement System 
The biogas collection and measiurement systems were identical for both the anaerobic 
biofilter and the ASBR with the exception of the gas/foam separator and gas bag which were 
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installed on the ASBRs and will be described subsequently. Figures 38 and 40 show the 
typical setups of both the biofilter and the ASBR and each contain the biogas collection 
system schematic. Biogas from the biofilter exited the holding tank and biogas from the 
ASBR the gas bag through 0.375 in. in diameter Tygon tubing and was transferred to the 
observation bottle. 
The glass observation bottle (1 L) was used to view gas production in the system. 
The bottle had a rubber stopper which sealed the bottle. Two glass tubes were inserted 
through the rubber stopper to convey gas into and out of the bottle. The bottle was filled half 
way with liquid into which the inlet glass tube was submerged to a depth of approximately 1 
inch. The outlet glass tube was inserted 1.5 in. into the glass bottle. The observation bottle 
was sealed with silicone sealant to prevent air leaks. 
After the observation bottle, gas was transported through 0.375 in. diameter Tygon 
tubing to a hydrogen sulfide scrubber. The hydrogen sulfide scrubber was identical to the 
observation bottle in volimie (1 L) and configuration, but was filled with steel wool which 
reacted with the hydrogen sulfide to produce a ferrous sulfide precipitate. The steel wool was 
periodically changed to insure efficient hydrogen sulfide removal. 
Biogas exited the hydrogen sulfide scrubber through 0.375 in. Tygon tubing and 
proceeded to a gas sampling port. The gas sampling port was constructed by the Iowa State 
University Glassblowing Shop (Iowa State University, Ames, LA). The sampling port was 
cylindrical in nature and had a length of 4 in. and was 1 in. in diameter. The port contained a 
0.25 in hole which housed a rubber septum. The septum was sized so that there was no leaks 
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in the gas sampling port. The gas sampling port was used to obtain samples which were 
analyzed in a gas chromatograph. 
Biogas exited the gas sampling port through 0.375 in. Tygon tubing and was 
transported to a wet-test gas meter (Precision-Scientific Inc., Pittsburgh, PA) which measured 
the gas production. The biogas exited the meter and was vented to the buildings air 
ventilation system. All components were connected with appropriate connectors so that any 
component could be removed without affecting the rest of the system. 
ASBR Biogas/Foam Separation System and Gas Bag 
The ASBRs, in addition to biogas and collection systems, had a biogas/foam 
separator and a biogas bag. The gas foam separator consisted of a 2 L glass bottle fitted with 
a rubber stopper. The rubber stopper contained two glass tubes. One glass tube was for 
incoming biogas and foam while the other glass tube was for exiting biogas. The principle of 
the separator is simple. When the reactors experienced foaming during periods of unbalance, 
foam would exit the top of the reactor via the biogas exit port. The bottle was used to collect 
the foam and allow the biogas to continue to the biogas bag. The foam separator bottle was 
emptied periodically. All items contained in this system were connected with 0.375 in. 
diameter Tygon tubing and appropriate cormectors. 
Biogas from the biogas/foam separation bottle passed to the biogas bag (Figiu-e 40). 
The biogas bag was constructed from a children's play ball (Wal-Mart) and was 
approximately 4 L in volume. The bag contained a three-way connector (Chemistry Stores, 
Iowa State University, Ames, Iowa) which was injected and sealed into the bag. One of the 
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remaining ends of the connector was connected to the outlet of the gas/foam separator and the 
other end was connected to the observation bottle (Figure 40). 
Biofilter Feed System 
The biofilter feed system consisted of a concentrated feed container, mix tank, 
dilution water pump, feed pump, and recycle pump (Figure 43). The concentrated feed 
container and mix tank was housed in a small refrigerator (2.5 liter). The concentrated feed 
container contained concentrated NFDM which was fed to the mix container twice an hour 
with a constant speed (60 rpm) peristaltic pump fitted with a size 18 pump head (pump model 
7543-60, head 7018-20, Cole-Parmer Instrument Company, Chicago, IL). The pump head 
tubing was Masterflex size 18 Norprene tubing (Cole-Parmer Instrument Company, Chicago, 
IL). The pump was controlled with a model XT Chrontrol timer (Cole-Parmer Instrument 
Company, Chicago, IL) which turned the pump on and off at programmed times. Pump head 
tubing was connected to Tygon tubing with 2-way, 0.25 to 0.625 in. polyethylene connectors 
(Chemistry Stores, Iowa State University, Ames, lA). Water was added to the mix container 
twice an hour with a variable speed (1-100 rpm) peristaltic pump fitted with a size 18 pump 
head (pump model 7543-60, head 7018-20, Cole-Parmer Instrument Company, Chicago, IL). 
The pump head tubing was Masterflex size 18 Norprene tubing (Cole-Parmer Instrument 
Company, Chicago, IL). The pump was controlled with a model XT Chrontrol timer (Cole-
Parmer Instrument Company, Chicago, EL) which turned the pump on and off at programmed 
times. The mix tank was a 2 liter plastic container in which three 0.375 in glass tubes (one 
for each biofilter) were placed. The glass tubes were attached to 0.375 in Tygon tubing and 
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Figure 43. Anaerobic biofilter feeding system. 
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were allowed to sit on the bottom of the mix tank. The tubes and tubing conveyed waste 
from the mix tank to the biofilter feed and recycle pump. 
The feed and recycle for the biofilter was delivered by the same pump. This system 
was used for each of the three biofilters. The feed exited the mix tank and was conveyed 
through the feed pump to the biofilter. The effluent from each biofilter was split by a three-
way connector (Chemistry Stores, Iowa State University). The recycle pimip drew flow from 
the three-way connector. All flow not used by the recycle pump was sent to the holding tank 
which served as a gas/liquid separator. The exit line from the recycle pump head was joined 
to the exit line of the feed pump head and both feed and recycle entered the reactor through 
the feed port at the bottom of the biofilter. The feed/recycle pump was a variable speed (1 -
100 rpm) peristaltic pump fitted with two size 18 pump heads (pump model 7543-60, head 
7018-20, Cole-Parmer Instrument Company, Chicago, IL). The pump head tubing was 
Masterflex size 18 Norprene tubing (Cole-Parmer Instrument Company, Chicago, IL). The 
pumps were run continuously to provide feed to the biofilter. Two pump heads were used on 
each pump to maintain a recycle ratio of 1.0. Tygon tubing (0.375 in.) and appropriate 
connectors were used to connect all pump heads in the biofilter feed system. 
Control System 
The control system was used to empty the holding tank immediately after feeding the 
ASBR (Figure 44). This occiured every four hours. The control system consisted of a level 
controller, level sensor (described previously), and an actuated ball valve. After the ASBR 
was fed from the contents of the holding tank, the level controller was activated. The level 
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sensor sent a signal to the controller to determine whether the tank was empty or full. If the 
tank was full the level controller signaled the actuator to open the ball valve. The valve 
remained open until the level sensor signaled the controller with a tank empty signal. The 
actuator closed the valve at this time. The control system was only on for fifteen minutes 
during which tank emptying occurred. The power was shut off the remaining time so as to 
prevent the holding tank from emptying during biofilter effluent collection. The system was 
controlled by a model XT Chrontrol timer (Cole-Parmer Instrument Company, Chicago, IL). 
The actuated ball valve consisted of a True-Blue ball valve and a True-Blue actuator 
(Plast-o-matic Valves, Inc., Cedar Grove, NJ). The ball valve was 1 in. in diameter and was 
fitted with a 0.375 in. barbed fitting (Central Stores, Iowa State University, Ames, lA) on the 
inlet and outlet end of the valve. This was accomplished by using threaded plastic reducers 
obtained from Central Stores (Iowa State University, Ames, lA). The actuator used 120 V 
AC, 60 Hz, and 0.6 amps power. It was operated by a dual float Level-Lite controller 
(GeneIco, Division of Bindicator CO., Port Huron, MI). The controller used 120 V AC 
power and had a 1/3 hp output at 120 V AC. 
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EXPERIMENTAL TESTING 
Testing was done throughout this study to monitor reactor performance and to analyze 
characteristics of the system. Test results were used to determine when organic loadings 
should be increased, or when HRTs should be decreased. Table 12 shows the frequency of 
testing and the target for the tests. 
Table 12. Frequency and targets of routine tests. 
Test Target Frequency 
Activity ASBR - MLSS variable 
COD removal %, total and soluble Both* data point'' 
Alkalinity Both data point" 
Effluent Total Volatile Fatty Acids Both data point" 
Effluent Individual Volatile Acids Both variable 
pH Both 3/week 
Ammonia-Nitrogen Both data point" 
SEM ASBR 1/study 
Identification of Precipitates Both 1/study 
Solids (Effluent SS, VSS) Both data point" 
MLSS, MLVSS ASBR data point" 
Biogas Production Both daily 
Biogas Composition Both data point" 
® Both means that the test was run on both the ASBR and the biofilter. 
'' Data points were taken when reactors were in a quasi steady-state. 
Chemical Oxidation Demand 
Chemical oxidation demand (COD) is used as a measure of oxygen equivalent of the 
organic matter content of a sample that is susceptible to oxidation by a strong chemical 
oxidant. In this case the oxidant used was potassium dichromate (Table 13). The method 
used for this test is a variation of method #508 B from Standard Methods for the Examination 
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Table 13. Chemicals used in the determination of COD. 
Chemical Component Volume/Mass 
Standard potassium 
dichromate digestion 
solution 
Sulfuric Acid Reagent 
KzCrzOT 
18 M H2SO4 
HgS04 
I8MH2SO4 
Ag2S04 
4.913 g 
167 ml 
33.3 g 
2.5 L 
24.9 g 
Standard ferrous ammonium 
sulfate titrant - 0.1 M 
Ferroin indicator 
Fe(NH4)2(S04)2'6H20 
18MH,S04 
deionized HjO 
1,10 phenanthroline 
FeS04*7H20 
deionized H2O 
39.2 g 
20 ml 
dilute to 1 L of solution 
1.485 g 
695 mg 
dilute to 0.1 L of solution 
of Water and Wastewater (Standard Methods, 1985) and will be outlined below. 
When quasi steady-state was achieved in the reactor system samples were taken for 
COD testing. In the biofilter a sample was obtained from the holding tank immediately after 
the ASBR was fed. The sample size depended on the volume being fed to the biofilter and 
the ASBR. The sample was taken from the effluent port of the holding tank (Figure 35). The 
effluent sample from the ASBR was obtained during the decant cycle of the ASBR. The 
mixed liquor COD sample from the ASBR was taken by increasing the mixing intensity and 
withdrawing a sample from a sample port located on the side of the ASBR (Figure 41). The 
sample was always taken two hours after feeding. A sample was also taken from the feed 
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solution in the mix tank of the feed system (Figure 44). 
Samples were set on a mixing plate and mixed with a magnetic stir bar. The samples 
were diluted so that the COD value of the sample tested was within the testing limits of the 
COD test. The COD test can only detect COD values less than 480 mg/L as O2. The 
equation used to dilute samples is given in Equation 31. 
^ = -{f 
where: 
y = volume of sample, 
V = volume of dilution container, and 
DF = dilution factor (typically 5 -100). 
The COD test was conducted as follows. Samples were collected as previously 
described. Dilution of samples to previously described characteristics was achieved by 
placing a portion of sample in a volumetric flask and adding the appropriate volume of 
deionized water. From this diluted sample both total and soluble COD tests were run. Total 
COD tests were run on the sample as collected by above method. Soluble COD samples 
were prepared by passing the sample through a 0.45 pm glass fiber filter (Fisherbrand G4, 
Fisher-Scientific, Pittsburgh, PA). The COD test was run in a 20 by 150 mm borosilicate 
culture tube. Samples were run in duplicate and each sample tube was filled with 5 ml of 
sample, 3 ml of potassium dichromate, and 7 ml of sulfuric acid which contained a catalyst. 
Table 13 shows the various components of the reagents used in this test. Besides samples, a 
pair of standards and a pair of blanks were also run. Standards and blanks were prepared by 
substituting deionized water for sample. The standards were not placed in the oven like the 
others and were used to standardize the titrant. The blank was placed in the oven as the other 
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samples and was used to detemiine the amount of titrant needed to titrate the deionized water. 
After filling the tubes with sample and reagents they were capped with phenolic caps 
(Coming, Inc., Coming, NY). Sample tubes were placed in a 150 °C oven for 2 hours. The 
tubes were then allowed to cool and were titrated with 0.1 N ferrrous ammonium sulfate 
(FAS) using ferroin as an indicator (Table 13). 
The FAS was standardized by titrating with a standard which was prepared as 
previously described. Equation 32 shows the formula used to detemiine the molarity of the 
FAS. 
M = -y X O.IO (32) 
where: 
M = molarity of FAS, 
X = volume of potassium dichromate titrate, mL, and 
y = volume of FAS used in titration, mL. 
The molarity of FAS was used to calculate the COD of a sample. The COD of a sample was 
calculated by Equation 33. 
{A - B) X M X 8000 X DF 
where; 
COD = COD as mg O^fL, 
A = mL FAS used for blank, 
B = mL FAS used for sample, 
DF = dilution factor, and 
M = molarity of FAS. 
When the COD of the influent and effluent of the system or reactor was completed a percent 
soluble and total removal was calculated. Equation 34 shows the equation used for 
calculation of percent COD removal. 
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COD Kemoval, % (34) 
where: 
CODin = influent COD concentration, mg/L, and 
CODou, = effluent COD concentration, mg/L. 
Alkalinity 
Alkalinity is the measure of the acid-neutralizing capabilities of water. It is the sum 
of titratable bases. Alkalinity is primarily a function of carbonate, bicarbonate, and 
hydroxide content and is, therefore, taken as an indication of the concentration of these 
constituents. Alkalinity also measures contributions from other bases such as borates, 
phosphates, and silicates. The pH in anaerobic digestion is typically between 6.5 and 7.5. At 
this pH there is essentially no hydroxyl and carbonate alkalinity. Therefore, bicarbonate is 
the main form of alkalinity and this tests becomes a measure of bicarbonate. The significant 
presence of bicarbonate means that the equivalence point is determined by carbon dioxide. 
Equations 35 and 36 show principles which governs carbon dioxide concentration in solution. 
From the above formulae it is evident that pH plays a large role in not only the amount of 
alkalinity but the form of alkalinity present in the sample. Another major source of alkalinity 
in anaerobic digestion is alkalinity formed from ammonia, carbon dioxide, and water. This 
form is especially important when a high protein waste (such as NFDM) is used as a 
substrate. Equation 37 shows the relationship ammonia has on the formation of alkalinity, 
o C02(/) + H^O <=> H,COy (35) 
H^CO, o HCO; + H* ^ co; + ih* (36) 
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NH, + CO^ + H^O o NH^HCO, co NH^ + HCO; (37) 
Another source of bicarbonate alkalinity was sodium bicarbonate which was added to 
the system to help neutralize the copious amounts of acids which were produced in the first 
stage biofilter. The amount of bicarbonate added depended on the HRT and the organic 
loading on the system. 
Standard method 403 (1985) was used to determine the alkalinity in the effluents of 
both the ASBR and the biofilter. Potentiometric titration to end-point pH 4.5 was performed 
with 0.1 N sulfixric acid in all experiments. The procedure was as follows. A 10 mL sample 
was taken firom both the holding tank and the ASBR. The sample was immediately put in a 
50 mL beaker and stirred with a magnetic stir bar. A calibrated pH electrode was used to 
measure the pH as titrant was added. Titrant was added until the endpoint of pH 4.5 was 
achieved. The alkalinity of the sample was calculated using Equation 38. 
A X N X 50000 
= (38) 
where: 
Alk = Alkalinity, mg/L as CaCOj, 
A = mL standard acid used, 
N = normality of standard acid, and 
V = volume of sample in mL. 
Volatile Fatty Acids 
Volatile fatty acids (VFAs) are defined as water-soluble fatty acids (up to six carbons) 
that can be distilled at atmospheric pressure. These acids are removed fi-om aqueous solution 
by distillation due to their high vapor tensions, despite their high boiling point. 
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Volatile fatty acids are produced during anaerobic digestion by the breakdown of 
carbohydrates, fats, lipids, proteins, and alcohols (among other organic molecules). VFAs 
are produced by the acidogenic and aceteogenic bacteria. The anaerobic process follows a 
chain reaction in that the acidogenic and acetogenic bacteria produce VFAs which are in txim 
converted to methane and carbon dioxide by methanogenic bacteria. If the anaerobic 
digestion process is working efficiently VFA concentrations in the effluent will be low. A 
high concentration of VFAs indicates a system imbalance caused by poor performance of the 
methanogens. Obviously, this parameter is an important consideration in the proper 
operation of anaerobic reactors. 
This VFA technique is used to measure organic acids with up to six carbons. The 
method used was the empirical standard method 504 B (Standard Methods, 1985). The 
procedure for this method is as follows. An effluent sample was collected from both the 
holding tank and the ASBR as described previously. The VFA test was run on the same 
sample as the COD test was run on. 100 mL of effluent was combined with 100 mL of 
deionized water in a 500 mL Erlenmeyer flask. 5-mL of sulfuric acid and five glass beads 
were added to the flask which was subsequently placed on a distillation rack. The solution 
was distilled to a volume of 150 mL with the first 15 mL being discarded according to the 
method. The distillate was titrate to a phenopthalein endpoint with 0.1 N NaOH. The VFA 
concentration of the sample was calculated as shown in Equation 39. 
a X M X 60000 
= TTTi 
where: 
VFA = mg volatile acids as acetic acid/L, 
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N = normality of NaOH, 
60,000 = equivalent weight of acetic acid, mg/equivalent, 
0.7 = empirical constant, 
a = volume of NaOH used, and 
b = volume of sample, 100 mL. 
The factor 0.7 is an empirical constant which comes from the assumption that 70% of acids 
in sample is recovered in the test. This constant is variable depending on the constituents of 
the sample. A factor of 0.7 was used for the entire length of this study. 
Hydrogen Ion Concentration 
The hydrogen ion concentration (pH) is one of the most important parameters that is 
measured in the anaerobic digestion process. The pH is very critical to the methanogens in 
the anaerobic process. In general the hydrogen ion concentration must be maintained 
b e t w e e n  6 . 5  a n d  7 . 5  f o r  s t a b l e  a n a e r o b i c  d i g e s t i o n .  T h e r e f o r e ,  t h e  p H  w a s  m e a s u r e d  4 - 7  
times a week and recorded. Sufficient alkalinity was added in the form a sodium bicarbonate 
to insure a pH greater than 6.6. 
Samples for pH were collected in beakers as needed from the holding tank and the 
ASBR. The samples were immediately taken to a pH meter (Cole-Parmer Model 05669-20, 
Cole-Parmer, Chicago, IL) for pH measurement. The pH meter was calibrated using a two 
point calibration program with buffers of pH 7.00 and 4.01. 
Ammonia Concentration 
The ammonia concentration in the reactor is another important variable in the 
anaerobic digestion process. A low ammonia concentration could indicate that there is not 
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enough nitrogen for the growth requirements of the anaerobic bacteria. A high ammonia 
concentration can inhibit anaerobic digestion. Ammonia is formed in the reactor from the 
breakdown of proteins. The reducing environment gives both the NH, and NH4^ forms of 
nitrogen. The ammonia molecule is much more toxic than the ammonium ion. Therefore, 
pH plays a big role in the toxicity of ammonia. Equation 40 shows the relationship between 
the hydrogen ion concentration and the two forms of ammonia. 
H" + M/j <=> NH; (40) 
From this equation it is evident that an increase in pH would give more NHj which would 
increase the toxicity of ammonia. Literature suggests that at near neutral pHs, ammonia is 
inhibitory at concentrations in excess of 1500 mg/L, as N. 
Standard method 417 E (1985) was used for the determination of ammonia 
concentration in both the biofilter and the ASBR. The ammonia-selective electrode used 
(Orion Model 95-12 with a Coming, catalog number 477968 Automatic Temperature 
Compensator, Coming Incorporated, Coming, NY)) uses a hydrophobic gas-permeable 
membrane to separate sample solution from an electrode internal solution of ammonium 
chloride. Dissolved ammonia in the samples is converted to by raising the pH to above 
11. The NHj difiRises through the membrane where it changes the pH of the solution inside 
the probe. This pH is measured and compared with the intemal chloride concentration of the 
electrode. The difference is measured as millivolts by a specific ion meter (Coming pH/Ion 
Analyzer Model 350, Coming Incorporated, Coming, NY). 
The probe was standardized in this study by using 20 mL of standards with known 
concentrations of ammonia of 1000,10, and 1 mg/L, as N. The electrode was immersed in 
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these standards in order of lowest to highest concentration after the addition of 2 mL of 6 N 
NaOH. Readings were taken for each standard after the electrode reached a stable reading. 
Samples were obtained from effluent of both the ASBR and the holding tank. These samples 
were also used for other tests which have been previously described. A 20 mL sample was 
used and 2 mL of NaOH was added to each sample before immersion of the electrode. A 
millivolt reading was taken for each sample. A standardization curve was established by 
plotting the log of the standard concentration by the millivolt reading. Using the least 
squares method a slope and intercept were computed for the three standards. This line gave a 
good correlation and was used to determine the ammonia concentration of the samples. 
Efnuent Suspended Solids 
Effluent suspended solids are important for both the ASBR and the biofilter. The 
ASBR effluent suspended solids are important in that one of advantages of the ASBR as a 
high rate anaerobic process is its ability to perform clarification in the reactor. The effluent 
suspended solids are a way to measure the ASBRs ability to clarify and, relatedly, its organic 
removal efiSciency. The effluent suspended solids of the biofilter are important in that one of 
the past failures of the temperature-phased system has been the inability of the second stage 
to handle solids passed to it by the first stage. The measure of effluent biofilter solids gives 
an inventory of solids to determine the characteristics of the temperature-phased system. 
Standard method 208 C and method 208 E (Standard Methods, 1985) was used to 
determine the effluent suspended solids for both the ASBR and the biofilter. The procedure 
for this test is given below. The samples taken for previous tests (COD, alkalinity, VFA, and 
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ammonia) were used to determine both the total suspended solids (TSS) and the volatile 
suspended solids (VSS) of the effluent. 
A proper number of filter papers (Fisherbrand G6, Fisher Scientific, Pittsburgh, PA) 
were prepared in advance of this test. The papers were prepared by folding the filters in 
quarters and placing in an aliraiinum planchet. The planchet was placed in a 550± 10 °C for at 
least fifteen minutes and allowed to cool in a dessicator. The filters and planchets were then 
weighed to the nearest 0.0001 g on a Mettler model AM 50 digital scale (Mettler 
Instrumentation Corporation, Highstown, NJ) and then returned to the dessicator until 
needed. The filters were then unfolded and placed in a 4 in. Buchner furmel which was 
placed on a 500 mL vacuum flask and attached to a vacuum pump. The samples were stirred 
by a magnetic stir bar on a stir plate and 10 mL of sample was withdrawn and placed on the 
filter paper with the vacuum piunp turned on. The sample was filtered through the filter 
paper and subsequently removed and placed back in the aluminxmi planchet. All samples 
were run in dupUcate. Two blanks were also run which determined the amount of solids lost 
or gained during the entire method. The blanks used deionized water as sample. 
The samples were placed in 103+1 °C oven for a minimum of two hours to allow the 
liquid to dry. Samples were then placed in a dessicator and allowed to cool. Samples were 
then weighed and the effluent TSS computed by Equation 41. 
Eff TSS = ^ ^ ~ X 10® (41) 
where: 
TSS = concentration of total suspended solids, mg/L, 
A = mass of dish + filter after drying at 103 °C, grams, 
B = mass of dish + filter (before filtering), grams, 
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C = mass of dish + filter of blank after drying at 103 °C, grams, 
D = mass of dish + filter of blank (before filtering), grams, 
V = volume of sample filtered, mL, and 
10' = conversion from g/mL to mg/L. 
The effluent VSS were determined by igniting the dried samples in a 550±10 °C for at 
least fifteen minutes. At this temperature the volatile portion of the solids is oxidized to CO, 
and the non-volatile portion remains on the filter paper. These samples were then placed in a 
dessicator and allowed to cool. Samples were then weighed as previously described and VSS 
computed by as in Equation 42. 
Eff VSS = ~ ~ X 10® (42) 
where: 
VSS = concentration of volatile suspended solids, mg/L, 
A = mass of dish + filter after drying at 103 °C, grams, 
E = mass of dish + filter after igniting at 550 °C, grams, 
C = mass of dish + filter of blank after drying at 103 °C, grams, 
F = mass of dish + filter of blank after igniting at 550 "C, grams, 
V = volume of sample filtered, mL, and 
10® = conversion from g/mL to mg/L. 
Mixed Liquor Suspended Solids 
The mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended 
solids (MLVSS) are a measure of the solids within the ASBR. The MLSS is a measure of 
solids with a particle size greater then 0.45 pm. This is defined by the size of the filter paper 
used. The MLVSS is an indication if not a direct measurement of the amount of biomass 
within the ASBR. The volatile portion of the MLSS is not necessarily the organic fraction of 
the MLSS. In fact, some inorganic suspended solids such as carbonates can volatilize during 
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the detennination of MLVSS. However, the MLVSS is the best indication of biomass in a 
reactor without the use of complicated tests such as DNA probes. The change in MLVSS 
indicates whether the ASBR is gaining or losing biomass which is important in determining 
the health of the ASBR. 
The samples for the MLSS and MLVSS test were obtained from the ASBR two hours 
after feeding. The time of testing is important because the solids content of the reactor can 
change during a typical cycle. Mixing of the ASBR was initiated and increased to insure a 
representative sample. Approximately 50 mL of sample was removed from the ASBR via 
the sample port. The sample was placed on a magnetic stir plate and stirred with a magnetic 
stir bar. All solids test on the mixed liquor were run in duplicate. 
Methods for the determination of the MLSS and MLVSS were exactly as described 
previously for the effluent TSS and VSS. Determination of both the MLSS and MLVSS is as 
described by Equations 41 and 42. The MLVSS and VSS were used to determine solids 
retention time (SRT) in the reactor. This is an indication of the amount of time the biomass 
spends in the reactor. The biomass needs some minimum retention time (depends on 
temperature) to be able to grow and flourish. Equation 43 shows how the solids retention 
time is calculated in an ASBR. 
VSS^ - VSS„„ ± AMLVSS SRT = (43) 
where: 
SRT = solids retention time, days, 
VSS,„ = volatile suspended solids in, g/day, 
VSSout = volatile suspended solids out, g/day, and 
(3)MLVSS = change in mixed liquor volatile suspended solids, g/day. 
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Biogas Production and Composition 
The anaerobic process, as discussed previously, is the conversion of complex organics 
to methane and carbon dioxide. This is done through a number of steps. Complex organics 
are broken down into long chain fatty acids. These long chain fatty acids are broken down in 
short chain fatty acids such as acetic and propionic. Finally, these short chain fatty acids are 
converted to methane and carbon dioxide. Therefore, the final fate of carbons in complete 
anaerobic digestion is carbon dioxide and methane. These two gases typically compose 
"biogas". 
In terms of COD reduction, the COD is not changed by the initial steps in 
degradation. COD remains the same until the mineralization of the carbon in the final step. 
Therefore, measurement of methane production is a very useful tool in determining the 
degree of COD stabilization in a waste. Methane produced firom anaerobic degradation can 
be measured as an equivalent amount of COD degradation. Equation 44 shows the 
relationship between methane, carbon dioxide, and there oxygen equivalence. 
C//4 + 2O2 —> CO2 + IH^O (44) 
The COD-equivalent of methane is, therefore 2 moles of COD (oxygen) per mole of methane 
produced. At standard temperature and pressure (0 °C, 1 atm) a mole of methane is 22.4 L of 
gas. Also, 2 moles of oxygen weighs 64 g. Using the 1:2 methane to oxygen ratio, the COD-
equivalent of methane is 0.35 L CH/g COD destroyed (5.61 ft^/lb COD removed). This 
relationship can be used to calculate the amount of COD removed based on methane 
produced. 
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The procedure for measuring the biogas production using a wet-test gas meter was 
outline previously in the experimental setup section. In addition to this, the gas meters were 
stored in the constant temperature room at 35±1 "C. Gas readings and atmospheric pressures 
were taken daily and corrected to standard temperature and pressure (0 °C, 760 mm Hg -
Equation 45). 
P. ^ T, X v. 
= ' ' ' (45) 
where: 
V, = volume at 273 °K and 760 mm hg, 
V, = volume at ambient temperature and pressure, 
Tj = standard temperature (273 °K), 
P2 = standard pressure (760 mm hg), 
P, = ambient pressure, mm hg, and 
T, = ambient temperature (35 °C). 
Biogas composition was measxire with a gas chromatograph (GC). The GC system 
included a Model 69-350 Thermal Conductivity Gas Chromatograph (GOW-MAC 
Instrument Company, Bridgewater, NJ), equipped with a 6-ft. long by 0.125 in. diameter GC 
coliram with Forpak-Q 80/100 mesh column packing. The operating conditions and 
parameters for the GC analysis are listed in Table 14. 
Samples were collected using a 1-mL syringe (Hamilton Company, Reno, NV) 
equipped with a 2 in. long Metal Hub Needle (Alltech Associates, Inc., Deerfield, XL). Nine-
tenths of a ml of biogas was withdrawn from the gas sampling port and injected into the GC 
for analysis. All samples were run in duplicate. Analysis consisted of determining the 
percent of methane, carbon dioxide, and nitrogen. Nitrogen percentage was determined 
because a high presence of it is indicative of a leak in the biogas handling system. The gas 
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Table 14. Gas chromatography analysis setup. 
Parameter Value 
Colunm temperature, "C ambient 
Injector port temperature, °C 100.0 
Detector temperature, °C 150.0 
Outlet temperature, °C 70.0 
Biogas sample volume, mL 0.9 
Column packing 
length, ft. 6.0 
diameter, in. 0.125 
Carrier gas helium 
Carrier gas flow rate, mL/min 60.0 
Standard gas 
methane, % 70.0 
carbon dioxide, % 25.0 
nitrogen, % 5.0 
chromatographs from the reactors were compared with that of a standard to determine the 
composition of gas. The standard consisted of 70% methane, 25% carbon dioxide, and 5% 
nitrogen (Table 14). Analysis was conducted with a Baseline 810 Chromatography 
Workstation software package (Waters Dynamic Solutions, Division of Millipore, Ventura, 
CA). 
Individual Volatile Fatty Acids 
Routinely, samples were submitted for analysis of individual volatile fatty acids. This 
test used gas chromatography to measure acetic acid, propionic acid, isobutyric acid, butyric 
acid, 2-methylbutyric acid, isovaleric acid, and valeric acid. Volatile fatty acids are produced 
as an intermediate in the anaerobic degradation of organic substrate. Normally, acetic acid 
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makes up the majority of these short chain volatile fatty acids. As an anaerobic reactor is 
stressed, there are a higher concentration of volatile fatty acids in the effluent of the reactor. 
As this concentration increases the proportion of acetic acid decreases and the other acids 
increase. This test was used to show how the composition of volatile fatty acids changed as 
the load was increased on the temperature-phased system. 
Sample were prepared and submitted to a lab for analysis of volatile fatty acids using 
a gas chromatograph. Preparation of samples started with the collection of a sample. 
Samples were collected from the holding tank and ASBR. The samples for analysis for the 
VFA test were the same as the samples used for other tests (COD, SS, ammonia, etc.). The 
samples from the biofilter (holding tank) had a high VFA concentration and were diluted ten 
times. The samples from the ASBR used a dilution factor of 1. Ten mL of sample was 
added to a glass sampling vial along with 0.1 mL of propionic acid (to fix the pH to below 
2.0). This low pH preserved the sample which was centrifliged (Marathon Micro A, Fisher-
Scientific, Pittsburgh, PA) for five minutes to separate solids. Centrifliged samples were 
placed in a 1 mL crimp top glass vial (Fisher Scientific, Pittsburgh, PA), and capped with 
aluminum seals with a red rubber septum using a crimper (Fisher Scientific, Pittsburgh, PA). 
Samples were then submitted to the analytical lab for VFA analysis. 
Analysis was conducted with a gas chromatograph. The GC system included a HP 
5730A Gas Chromatograph with a flame ionization detector. A 6' x 0.125 in. diameter 
stainless steel GC column with 10% SP1200,1% H3PO4 on Chromosorb WAW, 80/100 
mesh, Supelco #1-1965 column packing was used in the analysis. Samples were fed to the 
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GC by a Dynatech GC41IV autosampler. The operating conditions and parameters for the 
GC analysis are listed in Table 15. 
Samples were injected into the GC via the autosampler at a volume of 1.0 pL per 
sample. Samples included both a blank and check standards. The blank was deionized water 
with propionic acid and the check standards were run with concentrations given in Table 16. 
The data was processed from the analysis queue using the Maxima 820 Chromatography 
Workstation software package (Waters Dynamic Solutions, Division of Millipore, Ventura, 
CA). 
Table 15. Gas chromatography analysis setup for HP 5730A. 
Parameter Value 
Column temperature, °C 
Injector port temperature, "C 
Detector temperature, °C 
Sample volume, jiL 
Column packing 
200.0 
200.0 
0.1 
125.0, isothermal 
length, ft. 6.0 
0.125 
helium 
40.0 
diameter, in. 
Carrier gas 
Carrier gas flow rate, mL/min 
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Table 16. Check standards used in individual volatile fatty acid test 
Acid Concentration 
(mg/L) 
Acetic 1000 
Propionic 1000 
Isobutyric 500 
Butyric 750 
2-methylbutyric 500 
Isovaleric 500 
Valeric 1000 
Note; The check standards were made up of the concentrations in this table. They were 
used with a dilution factor of 10 for the high standard and 100 for the low standard. 
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EXPERIMENTAL PROCEDURES 
Substrate Feed Preparation 
The nonfat dry milk (NFDM) substrate for this study was varied as the project 
progressed. However, there is a major division in regards to substrate preparation. That 
major division occurred after start-up was complete. Start-up ended when effluent from the 
thermophilic biofilter was fed to the ASBR. At this time the substrate was held the same 
throughout the study. During start-up, the biofilter received NFDM and the ASBR a 
combination of volatile acids and NFDM. Substrates used during start-up will be discussed 
later. 
The substrate used after start-up and during the data collection portion of the study 
was NFDM. The characteristics of NFDM, according to Chiang (Chiang and Dague, 1992), 
Harris (1992), and Swiss Valley (supplier) are listed in Table 17. NFDM is a soluble 
synthetic waste that is high in proteins and carbohydrates. NFDM has been used previously 
in the lab at Iowa State University which makes it easy to compare results with other studies 
on the temperature phased system (Kaiser et al., 1995; Harris, 1992). The solubility of 
NFDM makes it easy to work with and provides reliable results. NFDM was also chosen due 
to its complexity, particularly its high nitrogen and protein levels. The complexity of NFDM 
gives a good indication of how the system will work with a wide consortium of 
microorganisms. A simple substrate such as glucose or acetic acid does not provide the 
diversity or hierarchy of microorganisms that NFDM does. The high nitrogen and protein 
concentrations allow the study of ammonia levels and their effects in the temperature-phased 
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Table 17. Properties of nonfat dry milk (NFDM). 
Parameter Value Units Reference 
COD 1.03 g/gNFDM Harris 
BODj 0.49 g/gNFDM Harris 
TOG 0.21 g/gNFDM Chiang 
TKN 5.4 g/lOOgNFDM Chiang 
T-PO4 2.2 g/100 g NFDM Chiang 
Fat <1.0 g/lOOgNFDM Swiss Valley 
Lactose 51.0 g/100 g NFDM Swiss Valley 
Protein >30.0 g/100 g NFDM Swiss Valley 
Ash 8.2 % Swiss Valley 
Trace Metals 
Fe 4.6 ppm of NFDM Chiang 
Ni 1.0 ppm of NFDM Chiang 
Co 0.8 ppm of NFDM Chiang 
Mo 3.0 ppm of NFDM Chiang 
Zn 15.0 ppm of NFDM Chiang 
system which was one of the objectives of this study. Sodium bicarbonate was also added as 
a source of alkalinity to 
the feed solution to maintain pH values between 6.5 and 7.5 in the anaerobic biofilter and 
ASBR. 
Trace metals were added to the NFDM in this study to insure a balanced substrate and 
to promote microbial growth. Trace metals were added at a rate of 0.1 ml/ g NFDM from 
stock solution described in Table 18. The trace metal solution was the same as that used by 
Chiang (Chiang and Dague, 1992). 
Substrate solution was prepared once per day in concentrated form and refrigerated 
until use. Preparation consisted of measuring a known quantity of NFDM, trace metals, and 
sodium bicarbonate (alkalinity) and placing in a blender (Hamilton Bleach) to mix 
thoroughly. A 15 L carboy was used to hold the concentrated solution that was pumped to 
154 
Table 18. Recipe for trace metal stock solution. 
Chemical Compound Quantity 
FeCl2*4HjO 35.60 g/L 
ZnClz 2.08 g/L 
NiCl2«6H20 4.05 g/L 
CoCIj'dH^O 4.04 g/L 
MnCl2'4H;0 3.61 g/L 
the mix tank along with dilution water. The contents of the mix tank provided the substrate 
source for the anaerobic biofilters. The amount of concentrated solution fed to the biofilters 
was changed by changing the amoimt of time the concentrate was pumped to the mix tank. 
Using this procedure a known organic load could be applied to the system. 
The substrate fed to the ASBR, after start-up, was composed entirely of effluent from 
the anaerobic biofilter. No additions to the effluent was made since there was enough 
nutrients and alkalinity carried over from the biofilters to sustain good microbial growth. 
The organic load applied to the ASBR was dependent on the volume fed to the ASBR which 
was in turn dependent on the HRT of the ASBR. The HRT of each reactor was constant for 
the extent of this study. 
Biological Seeding and Start-Up of the Anaerobic Biofilters 
Prior to seeding the anaerobic biofilters with biomass, measurements were taken to 
determine the porosity of the biofilters containing plastic pall ring media. Table 19 shows 
the volumes and porosities of the three biofilters. The three biofilters were seeded on July 
28,1994 with three liters of flocculant thermophilic biomass obtained from a study being 
conducted at the Environmental Engineering Laboratory at Iowa State University. The seed 
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Table 19. Volumes and porosities of anaerobic biofUters. 
Parameter Biofilter 1 Biofilter 2 Biofilter 3 
Empty bed volume, L 3.185 3.260 3.330 
Clean bed volume, L 2.840 2.930 2.960 
Nominal volume, L* 3.000 3.000 3.000 
Porosity 0.892 0.899 0.889 
* This volume was used in the determination of hydraulic retention times and organic 
loading. 
used was previously being fed primary sludge. The reactors were started at an organic load 
of 2 g COD/L/day at an HRT of 24 hours. HRTs and organic loadings for this study were 
calculated based on a 3 L nominal volume for each biofilter. The reactors were fed NFDM as 
substrate with the same additions and characteristics as described in the previous section. 
On day 53 (9/19/94) it was determined that anaerobic biofilters numbers 2 and 3 were 
not working properly. It was decided at this time to reseed the biofilters with three liters of 
seed fi-om the same source as the original seeding. Figure 45 shows the time line for the 
start-up phase for the three biofilters. As illustrated, the load was slowly increased on the 
biofilters until good efficiency was achieved with a load of 10 g COD/L/day. At this time 
(day 259), the HRT of the biofilters was halved to 12 hours while maintaining the same 
substrate concentration. This essentially doubled the load fi-om 10 to 20 g COD/L/day. On 
day 292 the HRT was decreased to 8 hours and the load increased to 30 g COD/L/day. The 
load was increased to 40 g COD/L/day on day 336. Five days later (day 341) the HRT was 
decreased to 6 hours and the load set at 20 g COD/L/day. This load was approximately 
doubled on day 355 while maintaining an HRT of 6 hours. Start-up lasted approximately one 
year (359 d) and ended when effluent fi-om the biofilter was fed to the ASBR and data 
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Figure 45. Start-up of the 3 anaerobic biofilters. 
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collection commenced. At this time the HRT of the biofilter was 6 hours and the 
approximate load to the biofilter was 40 g COD/L/day. 
Biological Seeding and Start-Up of the ASBRs 
The ASBRs were initially seeded on day 81 (10/17/94) with mesophiUc granular 
biomass obtained from the G. Heilman Brewing Company in Lacrosse, WI The seed sludge 
had previously been used to treat brewery wastewater at mesophilic temperatures (35 °C. 
The reactors were initially operated at a 36 hr HRT at a load of 2 g COD/L/day. Initial 
substrate to the ASBRs was a combination of short chain volatile acids. These volatile acids 
were added with 60% of the COD from acetic acid, 35% from propionic acid, and 5% from 
n-butyric acid. Nitrogen in the form of ammonium phosphate, trace metal solution (Table 
18), alkalinity in the form of sodium bicarbonate, and sulfur in the form of sodium sulfate 
was also added to the feed. Table 20 gives the initial composition of the feed solution used 
during start-up of the ASBR. 
Table 20. Initial composition of feed substrate during ASBR start-up. 
Constituent Chemical Symbol Amount Added 
Acetic acid, mL/L CHjCOOH 2.364 
Propionic acid, mL/L CH3CH2COOH 0.463 
N-butyric acid, mL/L CH3CH2CH2COOH 0.053 
Sodium bicarbonate, g/L NaHCOj 4.7 
Ammonium phosphate, g/L (NHJ3PO4 0.5 
Trace metals, mL/L see Table C2 0.33 
Sodium sulfate, g/L Na2S04 0.0225 
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Since the majority of the effluent from the biofilters was composed of short chain 
volatile acids, volatile acids were used as a carbon source so that adaptation to a volatile acid 
substrate would occur within the ASBR. The mixed liquor suspended solids (MLSS) data 
and MLVSS data for the start-up of the ASBRs is shown in Figures 46 through 48 for 
ASBRs 1 through 3. In general, all three reactors experienced a loss of biomass due to poor 
performance during the start-up. On day 161 (1/5/95) of study ASBRs number 1 and 2 were 
reseeded. After seeding, the MLSS in the reactors was 32.21 and 29.05 g SS/L, respectively, 
for reactors 1 and 2 (Figure 46, and 47). On day 193 ASBR number 3 received additional 
seed sludge due to low solids conditions within the reactor, and on day 200 the MLSS was 
8.34 g SS/L (Figure 48). 
Reseeding only seemed to be a temporary solution for the problem of biomass 
washout. On day 192 (2/5/95) of this study, the continual loss of biomass in the ASBRs 
caused a change to be made in the substrate being fed to the ASBRs. It was thought that the 
volatile acid carbon source was not enough to sustain granular biomass. Thus, the substrate 
was changed from a volatile acid carbon source to a volatile acid and NFDM carbon source. 
Table 21 shows the concentrations of the new substrate solution. This substrate was fed at a 
loading rate of 2.8 g COD/L/day at an HRT of 24 hours in each reactor. The change in 
substrate had a profound effect on the performance of the reactor. Biomass loss and poor 
performance ceased to become a problem after acclimation to the new substrate was 
achieved. MLSS levels stabilized at this point in ASBR 1 and even increased in ASBR 
numbers 2 and 3 (Figures 46 through 48). 
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Figure 47. MLSS for start-up of ASBR 2. 
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Figure 48. MLSS for start-up of ASBR 3. 
Table 21. Final composition of feed substrate during ASBR start-up. 
Constituent Chemical Symbol Amount Added 
Acetic acid, mL/L CH3COOH 1.654 
Propionic acid, mL/L CHjCHjCOOH 0.324 
N-butyric acid, mL/L CHjCHjCH^COOH 0.038 
NFDM, g/L see Table CI 1.344 
Trace metals, mL/L see Table C2 0.23 
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On day 305 (5/29/95), due to stable performance, the HRT on ASBR number one was 
decreased to 24 hours and the HRT on ASBR reactors number 2 and 3 was decreased to 18 
hours. This decrease in HRT coincided with an increase in the number of cycles per day for 
the ASBRs. The cycle time on the ASBRs was switched from 6 hours to 4 hours giving 6 
cycles per day instead of 4 cycles per day. On day 359 (7/22/95) of the study the feed from 
the ASBR was switched from volatile acids and NFDM to effluent from the anaerobic 
biofilter. At this time data collection initiated and the start-up period was considered over. 
Operation of the System 
After the start-up period was over (7/22/95) data collection was begun. In general, 
the system HRTs were kept constant and the organic loading was increased until reactor 
failure (biological or physical) was accomplished. At this time the organic loading was 
decreased and the HRT was lowered and the process repeated. All loadings were applied 
until a quasi-steady state was accomplished. This steady state was determined by constant 
gas production over time as well as consistent operation of all units as defined by volatile 
fatty acid production and effluent suspended solids. 
Organic loading 
The system was fed a NFDM waste at a constant concentration to each of the three 
systems. Loading on the system was varied in two ways. The first way in which load was 
varied was accomplished by changing the NFDM concentration of the feed. The second way 
in which the organic loading was varied was changing the HRT of the system. The HRT of 
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the system was the sum of the HRT of the first stage biofilter and the second stage ASBR. 
During the first part of this study the three biofilters were kept at an HRT of 6 hours and the 
three ASBRs were at 18 hours (number 2 and 3) and 24 hours (number 1). After system 
failure occurred at a high organic loading the HRT of the three biofilters was reduced to 4 
hours and the HRT of ASBR number 3 was reduced to 12 hours. Organic loading was 
increased until physical failure occurred. At this point the ASBR HRTs were kept constant 
and the biofilter HRTs were decreased to 2 hours while the loadings were lowered and 
gradually increased until physical failure of the system occurred (Table 22). 
As mentioned previously, the HRT of the system was the sum of the HRT of both the 
ASBR and the biofilter. In this laboratory study not all of the effluent fi-om the biofilter was 
Table 22. Dates of various system loadings and HRTs. 
Feed ASBRl ASBR 2 ASBR 3 Biofilter (1-3) 
Concentration HRT HRT HRT HRT 
Date (g TCOD/L/day) (hr) (hr) (hr) (hr) 
8/16/95 11.53 24 18 6 
9/19/95 17.44 24 - 18 6 
10/10/95 19.74 24 - 18 6 
11/10/95 2.00 24 18 12 4 
11/21/95 6.10 24 18 12 4 
12/19/95 9.51 24 18 12 4 
1/11/96 12.74 24 18 12 4 
2/1/96 15.83 24 18 12 4 
3/5/96 17.84 24 18 12 4 
5/1/96 2.61 24 18 12 2 
7/3/96 3.52 24 18 12 2 
8/30/96 6.89 24 18 12 2 
10/5/96 9.77 24 18 12 2 
10/31/96 12.73 24 18 12 2 
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fed to the ASBR. The ASBR volume and HRT was kept constant which means that volume 
of waste fed to the ASBR was constant for the length of this study. As the HRT of the 
biofilter was lowered the biofilter produced a greater volume of waste. This meant that some 
of the effluent from the biofilter was wasted down the drain. This scheme was explained in 
the experimental set-up section of this dissertation. The implication of this scheme is that the 
system loading, which is expressed in g TCOD/liter of reactor volume/day, is not the mass of 
substrate/day divided by the sum of the reactor volimies. The sum of the reactor volumes 
does not give an accurate indication of the actual volume of reactors needed to treat the entire 
mass of waste since some of the waste is being wasted down the drain, and in essence, not 
being treated. To account for this discrepancy, the volumes of the ASBR were corrected to 
account for all of the waste being fed to the ASBR. This correction factor can be calculated 
as follows: 
HRT. X Vf 
= HRT, X V, W 
where: 
CF = correction factor applied to volume of ASBR, 
HRT^ = hydraulic retention time of the ASBR, hr, 
HRTf = hydraulic retention time of the biofilter, hr, 
Vf = volume of the biofilter, L, and 
= volume of the ASBR. 
This correction factor would be applied to the volume of the ASBR as well as the gas 
production of the ASBR. The system volume would then be the sum of the biofilter volume 
and the corrected ASBR volimie. The derivation of this correction factor and an example 
problem is found in Appendix B. System loading would then be calculated as follows: 
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NFDM SL = (47) 
where: 
NFDM = mass of NFDM per day, g TCOD/day, 
SL = system loading, g TCOD/L/day, and 
V = total volume of system (ASBR (corrected) and biofilter), L. 
The mass of NFDM applied to the system was found by weighing a known 
concentration of concentrated NFDM every day. The difference between daily masses 
divided by the time gave a rate of feed in g of NFDM fed per hour. This rate was multiplied 
by 24 to give a daily mass of NFDM fed. Since each of the biofilter were fed from the same 
mix tank it was assumed that each biofilter has the same volume of feed and so the daily 
mass of feed was divided by three (biofihers). This daily mass was used in Equation 47 to 
calculate the system loading. Also, it was assumed that the concentrated NFDM had a 
specific gravity of 1.0. 
The use of the idea of system loading and the variation in HRTs used during this 
study gives a matrix of system HRTs and loadings. This matrix for all three systems is 
illustrated in Figures 49 through 51. Also, the system loading was not the same as the load 
applied to each of the individual reactors. For example, if a system load of 10 g COD/L/day 
is applied with an ASBR HRT of 24 hours and a biofilter HRT of 2 hours, the load applied to 
the biofilter would be 130 g COD/L/day. Figures 52 through 57 show the actual load applied 
to each reactor for the system loadings illustrated in Figures 49 through 51. 
The organic loading can also be expressed in terms of feed concentration. In these 
terms the loading is expressed as g TCOD/L of feed/day. This is would be the same as the 
system loading only, if the overall HRT of the system was 24 hours. Organic loading 
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Figure 49. Range of system loadings at various HKTs for system 1. 
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Figure 51. Range of system loadings at various HRTs for system 3. 
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Figure 54. Range of loads on biofilter 3 for various system loads. 
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Figure 57. Range of loads on ASBR 3 for various system loads. 
expressed as feed concentration gives a way to compare gas production and the effect of HRT 
on treatment of NFDM waste. Figures 58 through 60 show the feed concentration range 
tested for the systems at various HRTs. 
Biofilter operation 
The biofilters were operated as continuously fed reactors. As mentioned previously, 
the biofilters were fed fi-om a "community" mix tank. This insured that the biofilters would 
each receive the same concentration of waste. Also, each of the biofilters used recirculated 
flow to dilute the influent organic concentration. The recycle ratio was held constant at one 
for the duration of this study. 
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Figure 58. Range of feed concentrations at various HRTs for system 1. 
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Figure 60. Range of feed concentrations at various HRTs for system 3. 
ASBR operation 
Mixing was used to insure that substrate would come in contact with biomass. Mixing 
in the ASBR was accomplished with a mechanical mixer which was described in the 
experimental set-up portion of this dissertation. Mixing was intermittent in this study with 
mixing turned on 30 seconds every 30 minutes. 
The ASBR, as mentioned previously, was run at a cycle time of 4 hours which 
translates into 6 cycles per day. The ASBR was allowed to settle for four minutes before 
decanting. This was sufficient time to allow for good solids separation and gave a clear 
supernatant. There was no addition of any chemicals to the ASBR except those that were 
added to the biofilter substrate. 
J 
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Alkalinity 
Alkalinity was added to the concentrated NFDM to keep the pH in the first stage 
biofilter above 6.60. Alkalinity was added in the form of sodium bicarbonate and was mixed 
in along with the milk during the making of the concentrated NFDM. The pH was kept 
above 6.60 to promote methanogenesis in the first stage thermophilic biofilter. Without the 
addition of alkalinity the pH in the first stage would drop below levels acceptable for 
complete anaerobic digestion. The amount of alkalinity added to the biofilters varied 
according to the HRT and organic loading on the system (Figure 61), but was the same for all 
three systems at any given time. It should be noted that no alkalinity was added to the 
ASBRs besides that which carried over fi-om the biofilters. The alkalinity from the biofilters 
was more then sufficient to promote methanogenesis in the ASBR. Also, when pH was low, 
supplemental alkalinity was added until the desired daily concentration of alkalinity was 
determined. 
Temperature 
One of the concerns expressed later in the study was the effect of refrigeration of feed 
on the temperature inside the reactors. The biofilter feed pump pumped directly firom the 
refiigerator to the biofilters. The biofilters were housed in a 55 "C water bath. The concern 
was that at HRTs as short as 2 hours, would the inside temperature of the biofilters be at 55 
°C. Table 23 show the average results from readings at an HRT of both 5 hours and 2 hours. 
As can be seen the substrate entered the biofilters at 23 °C and exited at 42 °C at a 2 hour 
HRT and 49 °C at a 5 hour HRT. This indicates that the reactors were run at thermophilic 
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Figure 61. Amount of alkalinity added to the biofilters at various bioHlter HRTs. 
Table 23. Substrate and reactor temperature studies. 
Biofilter Substrate Substrate Waste Waste Effluent 
HRT Temp. Temp. Temp. Temp. Temp. 
in Refrigerator into from from Holding of 
(hours) Biofilter Biofilter Tank ASBR 
CC) rc) rc) rc) CC) 
2 23 28 49 37 33 
4 26 28 42 37 33 
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temperatures (> 40 °C), but not at 55 °C as originally thought. Further studies should have 
some type of preheating system to heat the substrate to 55 °C before entering the biofilters. 
The ASBRs were kept in a 35 °C constant temperature room throughout this study, and the 
temperatures in the ASBR (Table 23) were close to 35 °C. 
175 
RESULTS AND DISCUSSION 
This section is subdivided into sections based on experimental tests run on the 
system. The subsections are as follows: Chemical Oxidation Demand, Volatile Fatty Acids, 
Biogas Production, Ammonia, Sohds, Alkalinity and pH, Individual Volatile Acids, and 
Start-Up and Shutdown. This section contains only Figiures, with data for the various Figures 
found in Tables in Appendix A of this dissertation. The tests for this study were done as 
mentioned in the experimental testing section. Most of the tests were done when the reactors 
were in quasi-steady state which means that the reactors were at a constant gas production 
and in balance from an operational point of view. There is no formal definition of 
equilibrium for anaerobic biological research because conditions change at all points in time 
and control of substrate, pumping rates, and bacteria is limited. However, many steps were 
taken to insure that data taken was representative of stated enviromnental parameters. These 
steps were described in previous sections and will not be elaborated here unless necessary. 
Chemical Oxidatioa Demand 
This section is the most intensive and longest section in the results and discussion 
because of the variety of ways in which this parameter can be illustrated. This section has 
been subdivided in to parts according to how data are presented. The first subsection 
illustrates system, ASBR, and biofiher performance as a fimction of system load. The 
method for calculating system load was presented previously. The second subsection of this 
section describes the performance of the reactors based on influent feed (organic) 
concentration. This parameter allows us to eliminate HRT from the loading and gives a true 
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comparison of perfonnance at various HRTs. The third subsection shows the performance of 
the biofilters as a function of loading on the biofilters. The fourth subsection shows the 
performance of the ASBRs in the same way as the previous section shows the loading of the 
biofilters. 
COD performance based on system load 
This section illustrates the COD performance of all reactors as well as overall system 
performance based on system load. The calculation of system load was described in the 
experimental procedures section of this dissertation and is expressed as g total COD/L/day. 
The COD removal calculation was also shown earlier in this dissertation in the experimental 
testing section. It should be mentioned that the biofilter removal was based on the system 
load and not the actual load applied to the biofilter. What this means is that the volume in the 
system load is the system volume and not the volume of just the biofilter or the ASBR. The 
ASBR removal was based on the load applied fi-om the biofilter and not on the system load. 
By using this method the sum of the removals of the biofilter and the ASBR do not equal the 
system removal on a percentage basis. 
The Figures in this section are divided into system HRTs as well as soluble and total 
COD. The total and soluble COD removals were separated to avoid cluttering and clearly 
show results. Also, some of the graphs have a vertical axis that goes above 100%. The 
removals were not more then 100% but the added room on the vertical axis was needed to 
add descriptive text. 
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System HRT of 30 and 24 hours 
Figures 62 through 65 show both the total and soluble COD removals for system 
HRTs of both 30 and 24 hours. At a 30 hour system HRT the system consisted of a 
thermophilic biofilter with an HRT of 6 hours and a mesophilic ASBR with an HRT of 24 
hours. The system was run at loads from 9.2 to 15.8 g COD/L/day. The system TCOD 
removals were in excess of 80% up to 14.0 g COD/L/day, and SCOD removals were in 
excess of 96% at these loads (Figures 62 and 63). When the load was increased to 15.8 g 
COD/L/day the TCOD removal dropped to 78% and the SCOD removal fell to 88% (Figures 
62 and 63). The system probably failed at this load due to a combination of ammonia level 
and organic load on the ASBR. Both of these concerns will be addressed in future sections. 
Figures 62 and 63 show that as the load increased the total and soluble COD removals of the 
biofilter decreased to 50 and 60%, respectively. On the other hand, the performance of the 
ASBR increased showing that the ASBR was capable of removing organics that were not 
removed by the biofilter. This compensation abihty is shown better in later sections. 
Figures 64 and 65 show the performance of the system at a system HRT of 24 hours. 
This HRT was accomplished by setting the HRT of the biofilter at 6 hours and the ASBR at 
18 hours. The TCOD removals for this HRT were in excess of 93% for loads up to 17.4 g 
COD/L/day while the SCOD removals were in excess of 98% at these loads (Figure 64 and 
65). At a load of 19.7 g COD/L/day the TCOD removal fell from 94 to 70% and the SCOD 
removal fell from 98 to 79%. The reason for the drop in system removals was same as for 
the system HRT of 30 hours and will be discussed in a subsequent section. At this system 
HRT the TCOD removal of the biofilter decreased from 69 to 44% as the load was increased 
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Figure 62. Total COD removals at a system HRT of 30 hours. 
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Figure 63. Soluble COD removals at a system HRT of 30 hours. 
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Figure 64. Total COD removals at a system HRT of 24 hours. 
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Figure 65. Soluble COD removals at a system HRT of 24 hours. 
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while the SCOD removal decreased from 78 to 57% (Figures 64 and 65). The TCOD 
removals of the ASBR increased from 76 to 84% as the load was increased to 17.4 g 
COD/L/day and then decreased to 47% as the load was increased to 19.7% (Figure 64). At 
these same loads the SCOD removals increased from 91 to 94% and then declined to 70% 
(Figure 65). These sharp declines in ASBR removal accounted for the failure of the system 
at high organic loads. 
System HRT of 28,22, and 16 hours 
After the previous study, the HRT of the biofilters was decreased from 6 to 4 hours 
giving system HRTs of 28,22, and 16 hours. The total and soluble COD removals for the 
reactors at these HRTs are shown in Figures 66 through 71. The range of loads tested at 
these HRTs were expanded to examine data at low system loadings as well as to give a more 
complete set of data then at the previous two system HRTs. 
The system was run at an HRT of 28 hours by setting the biofilter at a 4 hour HRT 
and the ASBR at a 24 hour HRT. Systems loading at this HRT ranged from 1.7 to 15.3 g 
COD/L/day. Figures 66 and 67 show the removals for system, biofilter, and ASBR at this 
HRT. The total and soluble COD removals for the system were quite good and consistent 
with removals in excess of 93 and 96%, respectively (Figure 66). The exception to these 
removals was at a system load of 1.7 g COD/L/day. At this load the total and soluble COD 
removals were 86 and 90%. When computing percent removal it is often the case that at 
lower loads the percent removal is less than at higher loads. The reason for this is not poor 
quality effluent at low loads, but the fact that even with good effluent quality the amount of 
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Figure 66. Total COD removals at a system HRT of 28 hours. 
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Figure 67. Soluble COD removals at a system HRT of 28 hours. 
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Figure 68. Total COD removals at a system HRT of 22 hours. 
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Figure 69. Soluble COD removals at a system HRT of 22 hours. 
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Figure 70. Total COD removals at a system HRT of 16 hours. 
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Figure 71. Soluble COD removals at a system HRT of 16 hours. 
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COD removed is low because their is no food available. To illustrate this, the effluent TCOD 
from the ASBR for this HRT was lowest at the 1.7 g COD/L/day load (234 mg COD/L) even 
though the removal was the lowest. The total and soluble COD removals for the biofilter and 
ASBR are also illustrated in Figures 66 and 67. The TCOD removal of the biofilter was 
relatively constant at about 60% with the SCOD removal at about 70%. From these Figures 
it is evident that the performance of the biofilter did not decline as the load was increased. 
The total and soluble COD removals of the ASBR followed a similar path as the biofilter. 
The TCOD removals ranged from 77 to 91% while the soluble COD removals ranged from 
87 to 96% (Figures 66 and 67). It is apparent that the ASBRs were operating very well at 
this range of loads. The failure of the system at this HRT was due to physical problems of 
foaming in the ASBRs, and not to a biological problem of overloading. 
At a system HRT 22 hours the biofilter was operated at a 4 hour HRT, and the ASBR 
was operated at an HRT of 18 hours. System performance is illustrated in Figures 68 and 69. 
Both total and soluble COD removals were excellent for this system HRT. Total COD 
removals were in excess of 91% for system loads ranging from 2.2 to 19.5 g COD/L/day 
(Figure 68). With the exception of the low system load the TCOD removals were in excess 
of 94%. Soluble COD removals were in excess of 97% at all loads tested indicating excellent 
results at this set of loads (Figure 69). For the most part, the organic removals for both the 
biofilter and the ASBR were constant through the entire set of loads. The TCOD removals 
for the biofilter ranged from 76 to 58% and showed a small decrease in performance as the 
system load was increased (Figure 68). The SCOD removals were more constant than the 
TCOD removals indicating performance was fairly constant over the entire range of loads. 
190 
The SCOD removals ranged from 65 to 80% (Figure 69). The TCOD removals of the ASBR 
actually increased 78% to 90% as the load was increased from 2.2 to 19.5 g COD/L/day. The 
SCOD removals were more constant over this load ranging from 88 to 96%. 
Figures 70 and 71 illustrate system performance at a system HRT of 16 hours and at 
system loads ranging from 3.0 to 26.8 g COD/L/day. The load of 26.8 g COD/L/day was the 
highest load achieved in this study. The system was run at this HRT with the biofilter at a 4 
hour HRT and the ASBR at a 12 hour HRT. The reactor was run until failure due to 
foaming. Foaming was a physical problem and not a biological problem in that the gas 
collection would get clogged by foam even though biological removals were good. As a 
result, the system removals of both total and soluble COD were excellent during the entire 
experiment. Total COD removals were in excess of 91% at all loads tested (Figure 70), and 
with the exception of the lowest load, the removals were in excess of 95%. The reason for 
the lower removal at the low load has been explained previously. Soluble COD removals 
were in excess of 97% at all loads tested and actually increased to 99% at a load of 23.7 g 
COD/L/day (Figure 71). Both total and soluble COD removals for the biofilter and ASBR 
were relatively constant over the entire range of loads. The biofilter total COD removals 
ranged from 67 to 75% with a gradual decrease in removals as the system load was increased 
(Figure 70). Soluble COD removals ranged from 77 to 82% with no discernible trend in 
values (Figure 71). The ASBR TCOD removals ranged from 72 to 90% with an increase in 
removals occurring initially, (up to 19.1 g TCOD/L/day) and then a slight decrease in 
performance (Figure 70). The SCOD removals followed the same general trend with 
removals ranging from 84 to 97% (Figure 71). 
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System HRT of 26,20, and 14 hours 
After the reactors were run at system HRTs of 28,22, and 16 hours, the HRT on the 
biofilters was decreased from 4 to 2 hours while the HRTs of the ASBRs were kept constant 
at 24, 18, and 12 hours. Figures 72 through 77 illustrate the performance of the systems in 
terms of organic removals. This set of data was run until poor performance in the reactor 
system was observed. As at previous HRTs the system performance declined due to the 
physical problems associated with foaming. The biological performance of the system 
remained good throughout all loads tested. 
The system was run at an HRT of 26 hours which was accomplished by setting the 
biofilter at an HRT of 2 hours and the ASBR at an HRT of 24 hours. The system was run at 
loads ranging from 2.4 to 11.8 g COD/L/day. The TCOD removals of the system were quite 
consistent with removals ranging from 86 to 97% (Figure 72). The TCOD removals 
increased gradually as the load was increased. The SCOD removals ranged from 94 to 99% 
with the same gradual increasing trend as in the system TCOD removals (Figure 73). The 
biofilter TCOD removals showed a significant increase as the load was increased. At a load 
of 2.4 g COD/L/day the TCOD removal of the biofilter was 32% (Figure 72). The removal 
increased to 68% at a load of 6.4 g COD/L/day and remained fairly steady after that (Figure 
72). The SCOD removals for the biofilter showed the same trend with an initial SCOD 
removal of 36% and then an increase to 70% (Figure 73). These initial low COD removals 
were probably due to acclimation effects of the biofilter. Testing was probably done too soon 
after the biofilters were decreased from 4 to 2 hours in HRT even though 56 days was 
allowed to pass. One possible reason for the difficulty in acclimation may be from the fact 
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Figure 72. Total COD removals at a system HRT of 26 hours. 
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Figure 73. Soluble COD removals at a system HRT of 26 hours. 
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Figure 74. Total COD removals at a system HRT of 20 hours. 
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Figure 75. Soluble COD removals at a system HRT of 20 hours. 
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Figure 76. Total COD removals at a system HRT of 14 hours. 
197 
100 
MESOPHILIC 
ASBR 
HRT " 12 HR 
SOLUBLE 60 
COD 
REMOVAL, THERMOPHILIC 
BIOHLTER 
HRT=2HR 
0 8 4 12 16 20 
SYSTEM LOADING, g COD/L/day 
Figure 77. Soluble COD removals at a system HRT of 14 hours. 
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that as the HRT was decreased from 4 to 2 hours the flow rate was doubled. This had a 
significant effect on the temperature inside the reactor. The temperature decreased, and there 
may have been a shift in the microbial population with this decrease in temperature (Table 
24). The TCOD removals for the ASBR were relatively constant ranging from 87 to 90% 
(Figure 72). The exception to this was at a load of 6.4 g COD/L/day where the TCOD 
removal fell to 71% (Figure 72). This reduction in the performance of the ASBR only 
manifested itself in a 3% reduction in TCOD removal of the system. Concurrent with this 
drop in TCOD performance of the ASBR was the increase in the TCOD removal of the 
biofilter which rose from 50 to 68% (Figure 72). However, this rise in removal of the 
biofilter still resulted in an increase in effluent TCOD to the ASBR. The effluent of the 
ASBR rose from 218 mg/L at the previous load to 595 mg/L at this load. At the next load the 
effluent TCOD was only 452 mg/L. Looking back at the data collection it seems that of the 
five TCOD values used to average the effluent two were at 700 mg/L (day two) and one was 
at 350 mg/L (day one) while the other two were at 365 and 525 mg/L (day three). If the high 
readings on day two were a resiUt of an unrepresentative decant and those two points were 
thrown out then the average effluent TCOD would be about 420 mg/L which would better 
represent the trend. However, there was no indication of abnormal operation during this 
testing day so the results will be left as is. The SCOD removals of the ASBR followed the 
same trend as the TCOD removals with removals falling from 90 to 71% and then increasing 
to 89% (Figure 73). 
The system was operated at an HRT of 20 hours by employing a biofilter at an HRT 
of 2 hours followed by an ASBR at an HRT of 18 hours. The system was loaded at rates 
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ranging from 3.1 to 15.3 g COD/L/day. System removals were quite stable over the entire 
range of loads with TCOD removals ranging from 88 to 95% and SCOD removals ranging 
from 91 to 94% (Figures 74 and 75). The biofilter performed in the same manner as at the 
system HRT of 26 hours. The removals started at 46% and fell to 38% at a load of 8.3 g 
TCOD/L/day (Figure 74). At this point biofilter performance increased with TCOD 
removals increasing from 38 to 54% (Figure 74). This increase in performance is due to the 
same reasons given previously for the system at a 26 hour HRT. It should be pointed out that 
the low performance by the biofilters did not greatly affect the overall system performance 
which remained high. The SCOD removals for the biofilter followed the same trend as the 
TCOD removals with initial removals at 58%, decreasing to 50%, and then rising to 62% 
(Figure 75). The performance of the ASBR over these loads was very good. The ASBR had 
consistent TCOD and SCOD removals in excess of 80 and 91%, respectively (Figures 74 and 
75). This shows that although the biofilter experienced some trouble at low loads the ASBR 
efficiency remained high allowing excellent system removals. 
The lowest system HRT for this study was conducted at 14 hours. At this system 
HRT the biofilter was run at a 2 hour HRT and the ASBR at a 12 hour HRT. The system was 
operated at loads ranging from 4.5 to 21.8 g COD/L/day. Even at this low system HRT the 
system removals were quite good with TCOD removals in excess of 94% and SCOD 
removals in excess of 96% at all loads tested (Figure 76 and 77). The TCOD and SCOD 
removals of the biofilters followed the same trend as previous results from a biofilter HRT of 
2 hours. The initial TCOD removals in the biofilter were 53% which then rose to 67% and 
subsequently fell to 64% (Figure 76). The SCOD removals in the biofilter followed the same 
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general pattern with removals increasing from 53 to 73% and then declining to 70% (Figure 
77). The ASBRs had no trouble compensating for low efBciencies produced by the biofilters 
The ASBRS had a TCOD removal in excess of 84% and a SCOD removal in excess of 91% 
over the entire range of loads tested (Figure 76 and 77). 
Comparison of system HRTs 
This section will compare the organic removal efBciencies (total and soluble) of the 
various systems. To accomplish this, system loading can not be used because at different 
HRTs the system load changes even if the feed concentration remains the same. In other 
words, if we compare the 28 hour system at a system loading of 5 g COD/L/day with the 14 
hour system at a system loading of 5 g COD/L/day we would be comparing apples to 
oranges. This is because at this system load, the feed concentration to the 28 hour system is 
5.8 g COD/L but only 2.9 g COD/L in the 14 hour system. Therefore, to compare systems, 
the feed concentration in g COD/L must be used in lieu of system load. 
Figure 78 shows the TCOD removals for all of the systems run in this study on the 
basis of feed concentration. Figure 79 shows the SCOD removals under the same conditions 
as Figure 78. Several interesting points can be inferred from these two Figures. First, the 
removals (total and soluble) were relatively close for all systems tested. The TCOD 
removals were in excess of 85% for all concentrations up to 17.5 g COD/L. The SCOD 
removals were in excess of 90% and most often in excess of 95% at these same feed 
concentrations. The exception to this is at very high feed concentrations (> 18 g COD/L). At 
these high feed concentrations reactor failure occurred. As discussed previously, failure may 
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have been due to these high loads. This conclusion can not be proved from this data since 
only two data points were taken at loads greater than 18.0 g COD/L. At these two points 
failure was due to inhibition by some toxic substance which will be discussed in a subsequent 
section. Also, as state previously, the reactors did not experience a biological failure at any 
HRT except 24 and 30 hours. Reactor failure occurred due to foaming which would clog gas 
lines and cause a loss of biomass through the gas handling system. It should be noted, 
however, that foaming is often caused by stress in a reactor and that the system may have 
failed biologically had a feed concentration of greater than 18 g COD/L been applied. 
These two Figures (Figures 78 and 79) give an indication of which system performed 
the best. The best system would be the one with the highest removal for any given feed 
concentration. This optimum HRT could be used as a design parameter. It is unclear from 
these Figures which system is the best. One can see that the system at an HRT of 26 hours 
had the lowest SCOD removal at low loads. This system had a biofilter of 2 hours and an 
ASBR of 24 hours. However, its soluble COD removals are still well in excess of 90% so 
the system did not fail, but failed to perform as well as the other systems. At intermediate 
feed concentrations (7.5 to 15 g COD/L) it appears the 16 hour HRT system had a slight 
advantage over the other systems. This advantage, however, is only about 2% which may not 
be significant. With regards to design, the best system may be the one with the lowest HRT 
since it would give the lowest capital cost. In this case, it would be the system with a 14 hour 
HRT. This system employed a biofilter at 2 hours and an ASBR at 12 hours. It should be 
cautioned, though, that the biofilter performance at a 2 hour HRT was significantly less than 
at 4 hr HRT. This means that the ASBR had to work harder at any given feed concentration. 
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COD performance of thermophilic biofilters 
This section addresses the performance of the three thermophilic biofilters with 
regard to COD removals. Figure 80 through 85 shows the removals of both total and soluble 
COD for the biofilters operated at a 6,4, and 2 hour HRT. The load in this section is the 
actual load applied to the biofilters in g COD/L of bio filter/day. This is different than system 
load in that the mass of COD is not divided by the system volume but the biofilter volume. 
This loading criteria shows the actual load on the biofilter in terms of itself and can show 
how the biofilters would act if fed NFDM. 
Biofilter HRT of 6 hours 
Figure 80 and 81 shows both the total and soluble COD removals at a biofilter HRT 
of 6 hours. Total COD removals are in excess of 60% up to loads of 70 g COD/L/day. At 
higher loads, the removals drop to just over 40% in biofilter 3 and 60% in biofilter 1 (Figure 
80). Soluble COD removals follow the same pattern as the TCOD removals with removals in 
excess of 70% up to a load of 70 g COD/L/day dropping to about 60% at a load of 79 g 
COD/L/day for biofilter 3 and to 65% for biofilter 1 (Figure 81). It is clear in these 
illustrations that biofilter 1 outperformed biofilter 3. This is due to individual differences in 
the biofilters themselves. It could be due to maturity or could even be due to variations in 
pumping rates. Regardless, performance between these two is relatively close and 
differences in biofilter performance did not seem to affect the overall system performance. 
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Figure 81. Soluble COD removals for biofilter at a 6 hour HRT. 
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Figure 85. Soluble COD removals for biofilter at a 2 hour HRT. 
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Biofilter HRT of 4 hours 
After the initial data were taken at a biofilter HRT of 6 hours, the biofilters had their 
HRT reduced to 4 hours and with this came a reduction in load. Figures 82 and 83 show both 
the total and soluble COD removals for all three biofilter systems at an HRT of 4 hours. 
These illustrations show that the performance was very similar between all three systems. 
Total COD removals were approximately 50% for loads up to 108 g COD/L/day (Figure 82). 
This is significant in that these organic loads are much higher than often seen. If there is a 
difference in perfonnance between these biofilters it seems that biofilter 1 had better 
removals at the higher organic loads. Soluble COD removals show that the systems 
performed within 10% of the average of each other with soluble COD removals in the 70% 
range (Figure 83). 
It is noteworthy to mention that alkalinity, as described in a previous section, was 
being added to these biofilters to insiure a pH greater than 6.5. This was done to allow 
methanogenesis to occur in the first stage and is one of the keys to making the temperature-
phased system work. Without the addition of alkalinity the pH in the biofilters would drop to 
below 4.0 and the methanogenic bacteria would not flourish. 
Biofilter HRT of 2 hours 
Figures 84 and 85 show the total and soluble COD removals for the biofilters at an 
HRT of 2 hours. The TCOD removals were similar for biofilter 2 and 3 and increased 
steadily from 30 to 40% (Figure 84). Biofilter 1 started out with the same TCOD removal as 
biofilters 2 and 3, but then biofilter 1 achieved 70% TCOD removal by the end of this portion 
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of the study (Figure 84). The SCOD removals followed the same pattem as the TCOD 
removals with biofilters 2 and 3, increasing gradually until a removal of about 50% at a load 
in excess of 155 g COD/L/day (Figure 85). Biofilter 1 outperformed biofilters 2 and 3 
achieving a SCOD removal of 70% fi-om loadings of 80 g COD/L/day to 155 g COD/L/day 
(Figure 85). This 2 hour HRT allowed the highest organic load on the biofilters. It is 
remarkable that the system could achieve SCOD removals in excess of 50% at loads greater 
than 155 g COD/L/day (Figure 85). Also, it is clearly evident that biofilter 1 outperformed 
both biofilter 2 and 3. This may be due to a better acclimated consortium of bacteria or less 
channelization in tfie biofiher, but this is only speculation. Regardless, the overall system 
performed quite well with the biofilters at a 2 hour HRT. 
COD performance of the mesophilic ASBRs 
The total and soluble COD removals for the ASBRs are shown in Figures 86 through 
91. The ASBRs were set at an HRT at the beginning of this study and kept constant 
throughout the study. This means that the change in system HRT was accomplished by 
changing the HRT of the biofilters and not the ASBRs. This section is subdivided into three 
subsections based on the HRT of each ASBR. ASBR 1 was at a 24 hour HRT, ASBR 2 was 
at a 18 hour HRT, and ASBR 3 was at a 12 hour HRT. It was determined that the ASBR 
performance was good at all HRTs tested. In other words, the 12 hour HRT performed as 
well as the 24 hour HRT. This held true throughout the study except at high feed 
concentrations where high organic loading or ammonia inhibition may have interfered with 
ASBR performance. ASBR loading was calculated by finding the mass of COD entering 
213 
TOTAL 
COD 
REMOVAL, 
% 
100 
•mTHtr 
HilT26HR 
3 4 5 
ASBR LOADING, g COD/L/day 
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Figure 91. Soluble COD removals for ASBRs at a 12 hour HRT. 
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the ASBR from the biofilter per day and dividing by the volume of the ASBR. The mass was 
found by multiplying the concentration of waste from the biofilter by the volume of waste 
fed daily. 
ASBR HRT of 24 hours 
ASBR number 1 was set at 24 hours while the biofilter HRT was changed from 6 to 4 
to 2 hours. The total and soluble COD removals for various system HRTs with the ASBR at 
24 hours are shown in Figures 86 and 87. The TCOD removals were quite high for the 
ASBR at system HRTs of 28 and 26 hours with TCOD removals in excess of 70% (Figure 
86). Total COD removals at these HRTs were in excess of 80% for loads from 3 g 
COD/L/day to 6 g COD/L/day (Figiu-e 86). The TCOD removals for the ASBR were not 
very high at a system HRT of 30 hours with TCOD removals of only 50% at 2 g COD/L/day 
increasing to 75% at 5 g COD/L/day and dropping to 58% at 7.8 g COD/L/day (Figure 86). 
The initial low TCOD removals were probably due to lack of maturity. This point was the 
first data taken soon after feed was changed from milk and acids to effluent from the biofilter. 
Also, the filters were removing 80% of the COD at this load so there was not a lot of TCOD 
to remove by the ASBRs. This is easily shown by looking at the system TCOD removal at 
this time which was in excess of 90% (Figure 62). The drop off in COD removal at the high 
loading was probably due to a combination of inhibition by some substance and high organic 
loading. The loading on the ASBR was 7.8 g COD/L/day, but more importantly the SRT 
was only 5 days in the reactor. This resulted from washout of biomass which was due to 
poor settling. This poor settling was probably caused by the high organic loading and high 
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concentrations of an inhibitory substance. Soluble COD removals followed the same trends 
as the TCOD removals with SCOD removals generally in excess of 85% at system HRTs of 
26 and 28 hours (Figure 87). At a system HRT of 30 hours the same trend as explained 
previously occurred with SCOD removals going from 60% to 90% and back down to 65% 
(Figure 87). 
ASBR HRT of 18 hours 
Figures 88 and 89 illustrate both total and soluble COD removals for an ASBR HRT 
of 18 hours. The system HRTs during this operation were 24, 22, and 20 hours. The TCOD 
removals were quite high (>75%) for all loads tested except a load of 15 g COD/L/day at a 
system HRT of 24 hours where removals fell from 80+% down to 45% (Figure 88). This 
failure of the ASBR at the system HRT of 24 hours was for the same reasons as described in 
the previous section. As a matter of fact, the ammonia concentration and organic load were 
much higher at this point than at the failure point in the ASBR at 24 hours suggesting greater 
inhibition. Soluble COD removals were good throughout this study with removals often in 
excess of 90% (Figure 89). Once again the ASBR failure at high load is illustrated by the 
decUne in SCOD removal to 50% (Figure 89). 
ASBR HRT ofl2 hours 
Figures 90 and 91 illustrate both the total and soluble COD removals for the ASBR at 
an HRT of 12 hours. When the ASBR was at this HRT the system had an HRT of 14 and 16 
hours. The ASBR was not run at 12 hours in combination with a 6 hour biofilter HRT due to 
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the fact that the volume of effluent produced from the biofilter would not be enough to feed 
the ASBR. Consequently, the 12 hour ASBR never experienced the high ammonia 
concentrations like the 24 and 18 hour ASBRs did. The 12 hour HRT ASBR achieved the 
highest organic loading of the three ASBRs with loads approaching 18 g COD/L/day. The 
TCOD removal remained excellent throughout this study with TCOD removals often in 
excess of 80% (Figure 90). SCOD removals during this time were also very good with 
SCOD removals often in excess of 90% (Figure 91). This is significant in that in previous 
research the ASBR has not been loaded to this extent. 
Volatile Fatty Acids 
Total volatile fatty acid production (VFA) as acetic was measured at all loads using 
the methods outlined in the Experimental Procedures section. Only relevant Figures are 
illustrated in this section. The data for system HRTs of 28, 26, 22, and 14 hours is shown in 
Appendix A. Figures 92 through 95 show typical volatile fatty acid production for various 
systems at system HRTs of 30,24,16, and 20 hours. 
System HRT of 30 hours 
Figure 92 shows the VFA production for the system at an HRT of 30 hours. This was 
accomplished by operating the biofilter at a 6 hour HRT and the ASBR at a 24 hr HRT. The 
VFA production of the biofilter increased fi-om 274 mg/L as acetic at a system load of 9.2 g 
COD/L/day to 3135 mg/L as acetic at a system load of 15,8 g COD/L/day. The VFA 
production of the ASBR increased from 100 to 271 mg/L as acetic at these same loads. The 
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Figure 92. Volatile fatty acid production at a system HRT of 30 hours. 
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significance of this graph is the clearly illustrated compensation abilities of the second stage 
ASBR. Over the system loads tested, VFA production increased in the first stage biofilter by 
2861 mg/L as acetic. However, over these same loads, the VFA production by the second 
stage ASBR increased only 171 mg/L as acetic with a high of 271 mg/L as acetic. The 
second stage ASBR, in this case, was able to compensate for the increase in VFA received 
from the biofilter, and was able to maintain a steady low concentration of VFA. This 
compensation ability of the second stage mesophilic ASBR allows high organic loads to the 
biofilter without sacrificing overall organic removal efiiciency. 
System HRT of 24 hours 
Figure 93 shows the VFA production at a system HRT of 24 hours. This was 
accomplished by operating the HRT of the biofilter at a 6 hour HRT and the ASBR at an 18 
hour HRT. The VFA production of the biofilter increased from 1195 to 4826 mg/L as acetic 
as the system load was increased from 11.5 to 19.7 g COD/L/day. The VFA production of 
the ASBR increased from 188 to 1766 mg/L as acetic over these same loads. However, the 
VFA production in the ASBR stayed low (66 - 188 mg/L as acetic) up to a load of 17.4 g 
COD/L/day. At this point the VFA production increased in the ASBR to 1766 mg/L as 
acetic at a load of 19.7 g COD/L/day. This shows that the compensating ability of the ASBR 
became less when the organic load was high. 
The VFA production in a reactor shows, to a certain extent, the amount of imbalance 
in an anaerobic system. An ASBR getting 100% organic removal will show virtually no 
VFAs. VFAs are produced as an intermediate in the complete reduction of organics in an 
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anaerobic system and not as an end product. Generally, as the load is increased in a 
anaerobic reactor the VFA production will increase and the removals will decline. VFA 
production in anaerobic systems is often used as a test of the "health" of the system. The 
VFA production of the biofilter at this HRT was the highest of any system tested. This high 
VFA production indicates some sort of imbalance. This imbalance was due to toxicity of 
some substance (possibility ammonia) in the reactor at a system load of 19.7 g COD/L/day at 
a 24 hour HRT. This inhibition caused high VFA production in both the biofilter and the 
ASBR. This inhibition did not allow the ASBR to compensate for the declining performance 
in the biofilter. As shown previously in the COD section, reactor failure occurred when the 
system load was at 19.7 g COD/L/day at a system HRT of 24 hours. 
System HRT of 16 hours 
Figure 94 shows the VFA production for both the first stage biofilter at an HRT of 4 
hours and a second stage ASBR at an HRT of 12 hours. This combination of reactors 
resulted in a system HRT of 16 hours. The VFA production in the first stage biofilter 
showed an increase fi*om 308 mg/L as acetic at a system load of 3.0 g COD/L/day to 3129 
mg/L as acetic at a system load of 26.8 g COD/L/day. ASBR VFA production during these 
loads remained low increasing firom 42 mg/L to 222 mg/L as acetic. Figure 94 shows VFA 
production data for the highest load achieved in this study. At this load, organic removals 
(COD) were quite high (Figures 70 and 71). Once again the compensation for increasing 
VFA production in the biofilter by the ASBR is clearly evident. Even though VFA 
production increased to 3129 mg/L as acetic, VFA production in the ASBR remained low at 
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222 mg/L as acetic. 
System HRT of 20 hours 
Figure 95 shows the VFA production for a system HRT of 20 hours. This HRT was 
accomplished by operating the biofilter at an HRT of 2 hours and the ASBR at an HRT of 18 
hours. VFA production in the biofilters increased from 829 to 3577 mg/L as acetic as the 
system load was increased from 3.1 g COD/L/day to 15.3 g COD/L/day. ASBR VFA 
production increased from 51 to 200 mg/L as acetic over these same organic loads. Figure 95 
shows the typical VFA production when a first stage biofilter at an HRT of 2 hours was 
employed. As illustrated previously, the compensation by the second stage ASBR is clearly 
shown. The biofilter HRT of 2 hours was the lowest HRT examined in this study. Also, 
VFA production in the biofilter is higher at the 2 hour HRT than at the 4 hour HRT for any 
given load. This shows that the system was more unbalanced at a 2 hour HRT than at a 4 
hour HRT. This was evident when looking at organic removals in the biofilters at these two 
HRTs (Figures 82 through 85). 
Methane Production 
One of the most important measxu-ements, from an application standpoint, is the 
volume of methane generated from the system. Methane and carbon dioxide is the ultimate 
fate of any reduced carbon in an anaerobic system. Previously, it was determined that, 
stoiciometrically, 0.35 L of methane was generated for each gram of COD destroyed. 
Figures 96 through 100 attempt to explain not only the amount of methane generated, but the 
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Figure 96. Methane production from system at a 24 hour HRT. 
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rdationship between methane generation, organic removals, and the temperature phased 
system. All of the data as well as any illustrations not presented here are in Appendix A. 
System HRTs of 24, and 16 
Figure 96 shows the methane production for the system, biofilter, and ASBR at a 
system HRT of 24 hours. This system HRT was accomplished by operating the biofilter at 
an HRT of 6 hours and the ASBR at an HRT of 18 hours. The system methane production is 
simply the addition of the biofilter and ASBR methane production and is corrected to 
standard temperature and pressure (760 mm HG and 0 °C). The system methane production 
increased from 64.3 L/day to 100.0 L/day as the system load was increased from 11.5 to 19.7 
g COD/L/day. The biofilter and ASBR methane over these same loads increased from 54.5 
to 81.1 L/day and 9.8 to 18.7 L/day, respectively. Since the sum of the biofilter and ASBR 
methane production equal the system methane production, Figiu-e 96 illustrates the percent 
removal of organics from each component relative to the total removal. For instance, in 
Figure 96 the biofilter methane production trend line is relatively close to the system methane 
production trend line. It can be concluded that most of the methane production was from the 
biofilter and, thus most of the organic reduction was taking place in the biofilter. This is not 
to say that the ASBR was not efficient. In actuality, the ASBR never saw most of the organic 
load because it had been converted to methane in the first stage biofilter. Indeed, at a system 
load of 11.5 g COD/L/day the system methane production was 64.3 L/day and the biofilter 
methane production was 54.5 L/day. This means that on a methane basis 54.5/64.3, or 85% 
of all the reduction of organics was taking place in the first stage biofilter. If the capture of 
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methane was 100%, COD reductions could be calculated based on methane production using 
0.35 L of methane produced per g of COD destroyed. However, in this system there were 
problems in balancing the methane production with the measured COD removals. These 
limitations were mainly due to operational difBculties which will be discussed in a 
subsequent section. Figure 96 also shows that the methane production increased as the load 
was increased. This is expected if the removal of organics remains consistent. If the removal 
rate of organics decreases the slope of the methane production line will decrease. 
Figure 97 illustrates methane production for the system, biofilter, and ASBR at a 
system HRT of 16 hours. This HRT was accomplished by operating the first stage biofilter at 
an HRT of 4 hours and the second stage ASBR at an HRT of 12 hours. The system methane 
production increased firom 8.5 to 88.1 L/day as the system load increased firom 3.0 to 26.8 g 
COD/L/day. At these same system loads the methane production of the biofilter and ASBR 
increased firom 6.4 to 48.0 L/day and 2.1 to 40.1 L/day, respectively. The methane 
production of each component as well as the system increased as the system load increased. 
Comparing this Figure to Figure 96 it can be seen that a significant change occurred in the 
relative importance of both the biofilter and the ASBR. In Figure 96 about 85% of the 
methane was produced by the biofilter. As the system HRT was dropped firom 24 to 16 hours 
the biofilter only produced about 70% of the methane at a system load of 3.0 g COD/L/day. 
This decrease in the importance of the biofiher was even greater at high loads. At a system 
load of 26.8 g COD/L/day the biofilter produced only 54% of the total methane. This 
decrease in the importance of the biofilter resulted with overall removals remaining very 
high. The ASBR produced only 30% of the methane at a system load of 3.0 g COD/L/day 
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and this increased to 46% as the increased to 26.8 g COD/l/day. This shows that even though 
the biofilter efficiency was compromised at high organic loads, system efficiency was not 
because of the compensating effect of the second stage ASBR. Also, the second stage ASBR 
becomes much more important at high organic loads than at low organic loads. 
Biofilter 3 
Figure 98 shows the methane production from the biofiher from system 3. This 
biofilter was operated at a 6,4, and 2 hour HRT, and was involved in system HRTs of 24, 16, 
and 14 hours. Methane production is expressed as liters of methane per liter of biofilter 
volume per day. These units can give an idea of methane production with a biofilter of any 
volume. At a biofilter HRT of 6 hours the methane production increased from 18.2 to 27.0 
L/L/day as the biofilter load increased from 46.1 to 78.9 g COD/L/day. At a biofilter HRT of 
4 hours the methane production increased from 2.1 to 16.0 LTL/day as the biofilter load was 
increased from 12.0 to 107.0 g COD/L/day. At a biofilter HRT of 2 hours the methane 
production increased from 2.2 to 24.8 L/L/day as the load was increased from 31.3 to 152.8 g 
COD/L/day. All of the methane productions mentioned above are calibrated to standard 
temperature and pressure. 
Figmre 98 illustrates the fact that the methane produced at any biofilter load was 
greater the longer the HRT. Since the methane production is a direct measurement of COD 
removal it follows that the longer the HRT the better the organic removal efficiency in the 
biofilter. This improved efficiency is much more evident when comparing the 6 hour HRT 
biofilter with either the 2 or 4 hour HRT biofilter than comparing the 4 hour HRT biofilter 
Ill 
with the 2 hour HRT biofilter. Therefore, the first stage biofilter will run better at longer 
HRTs. However, this improved performance is irrelevant in terms of system removal as long 
as the second stage ASBR can compensate for declining performance. In terms of 
application, the sacrifice in performance of the biofilter at shorter HRTs may be more than 
tolerable when considering the fact that a biofilter at a 2 hour HRT will only need to be 1/3 
the volume of a biofilter at a 6 hour HRT for a given volume of waste. It should be 
mentioned that capital cost savings may not be enough to compensate for the increased 
alkalinity costs accrued at low HRTs. 
ASBR at 18 hours 
Figure 99 illustrates the methane production from the ASBR when operated at an 
HRT of 18 hours. This operation when combined with the biofilter achieved system HRTs of 
24,22, and 20 hours. The methane production was measured at standard temperature and 
pressure in terms of liter of methane per liter of ASBR volume per day. At a system HRT of 
24 hours the methane production from the ASBR increased from 1.0 to 1.9 L/L/day as the 
ASBR load was increased from 4.8 to 14.7 g COD/L/day. At a system HRT of 22 hours the 
methane production from the ASBR increased from 0.2 to 3.8 L/L/day as the ASBR load was 
increased from 1.1 to 11.0 g COD/L/day. At a system HRT of 20 hours the methane 
production from ASBR increased from 0.8 to 3.1 L/L/day as the ASBR load increased from 
2.3 to 9.3 g COD/L/day. 
The methane production at all HRTs tested increased as the load increased. At 
system HRTs of 22 and 20 hours the methane production was virtually the same at a given 
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load. This indicates that ASBR performance was about equal at these two loads. At any 
given load the ASBR did not produce as much methane at a system HRT of 24 hours as at 22 
or 20 hours. This reduced methane production indicates lesser organic removal efficiency at 
24 hours than at either 20 or 22 hours. Part of this reduced methane production was due to 
inhibition which was exhibited at an ASBR load of 14.7 g COD/L/day. This does not explain 
the lesser methane production at lower loads. This decreased production may be due to 
reactor maturity which was less at this HRT because it was the first data run. The biomass 
constituents may have changed over time allowing more efficient operation. 
Methane production for all systems based on feed concentration 
Figure 100 shows the methane production in liters of methane per liter of total reactor 
volume per day based on feed concentration. Feed concentration is used instead of system 
load in this Figure to remove the effects that varying HRTs have on the magnitude of system 
load. This relationship was discussed in the chemical oxidation demand section of this 
chapter. The methane production in this Figure is calculated at standard temperature and 
pressure. Since methane production is a measure of organic removal the system with the 
most methane at any given feed concentration should have the highest organic removal. 
From the COD section it was found that all the systems performed very well and there was 
no "best" system. However, Figure 100 disputes this in that the systems operating at HRTs 
of 14 and 20 hours seem to have much more methane production at any given feed 
concentration. This is very misleading and leads to a point mentioned earlier in this 
dissertation. Comparing the theoretical and actual amounts of methane produced should 
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yield close results. This did not happen in the biofilters especially at a biofilter HRT of 2 
hours which included system HRTs of 20 and 16 hours. 
The biofilters were all fed from the same feed source. The feed source was weighed 
each day and the difference was the total mass of COD fed. The mass of COD fed was 
divided by three and this was the mass fed to each biofilter. This method assumes that the 
pumping rates were equal in all three biofilters. The pumping rates were checked at least 
once a week and were found to be very inconsistent. Peristaltic pimips are very sensitive to 
tube wear and this caused pumping rates to be erratic. To further complicate matters the 
pumping rates could not be calculated at testing times because the gas equilibriiun system 
would have been upset. This means that if the piunping rate was checked the gas 
measurement would be inaccurate. To minimize these effects the pumping rate was checked 
and calibrated the day before testing and then left alone for the three days of testing. This 
worked all right until the biofilters were set at a 2 hour HRT. This low HRT caused higher 
feed volumes which in turn were more sensitive to small changes in pumping rate. As a 
result the biofilter at a system HRT of 26 hours were fed much less feed than calculated and 
the systems at an HRT of 20 and 14 hours were fed more. This effect was negligible on the 
ASBR since the concentration of feed to each ASBR was based on a TCOD test. 
Ammonia 
Ammonia concentration in the systems was measured at all HRTs tested. Ammonia 
concentration was measured using methods outlined in the Experimental Procedures section. 
Ammonia concentration is expressed as mg/L as N. Figures 101 through 104 show ammonia 
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concentrations at various HRTs and loads. Data not shown in Figures 101 through 104 is 
illustrated in Appendix A. 
System HRT of 22 and 20 hours 
Figures 101 and 102 show ammonia concentrations at system HRTs of 22 and 20 
hours. A system HRT of 22 hours was accomplished by operating the first stage biofilter at 
an HRT of 4 hours and the second stage ASBR at an HRT of 18 hours. A system HRT of 20 
hours was accomplished by operating the biofilter at an HRT of 2 hours and the ASBR at an 
HRT of 18 hours. Figure 101 shows that as the system load was increased fi-om 2.2 to 17.3 g 
COD/L/day the ammonia concentration in the biofilter increased fi-om 60 to 821 mg/L as N. 
At these similar loads the ammonia concentration in the ASBR increased firom 72 to 1022 
mg/L as N. Figure 101 shows that as the system load was increased the ammonia 
concentration increased. This is expected since an increase in system load represents an 
increase in organics fed to the system. As was discussed previously, ammonia is formed 
fi-om the degradation of proteins in NFDM. Therefore, an increase in organics, or proteins 
results in an increase in ammonia concentration. Also evident firom Figure 101 is that the 
ASBR ammonia concentration is greater than the concentration in the biofilter. Ammonia is 
soluble in liquid which means that all the ammonia firom the biofilter is passed to the ASBR. 
In addition to this ammonia, additional ammonia is created fi-om fiirther degradation of 
organics in the ASBR. There are two outlier points not included on Figure 101 at a system 
load of 19.5 g COD/L/day. During the determination of this point new standards were used 
during the ammonia test. As a result, all ammonia concentrations determined on this day 
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were low. Whether this was due to poor quality standards or a malfunctioning probe was not 
determined. However, both of these items were changed the next time data was taken and 
this problem was eliminated. Because of these anomalous readings the data points were left 
out of the trend line on Figure 101. 
Figmre 102 shows that at a system HRT of 20 hours the ammonia concentration in the 
bio filter increased from 42 to 468 mg/L as N as the system load was increased from 3.1 to 
15.3 g COD/L/day. The ammonia concentration in the ASBR increased from 53 to 734 mg/L 
as N at these same system loads. As in Figure 101 the ammonia concentration for the ASBR 
is always greater than that of the biofilter. Also, the ammonia concentration tended to 
increase as the load increased. In comparing Figures 101 and 102 it can be seen that at most 
any given system load the ammonia concentration in the 20 hour HRT system is lower than 
at a 22 hour HRT system. For example, at a system load of 13 g COD/L/day the ammonia 
concentration of the biofilter and ASBR at a 20 hour HRT is 320 and 510 mg/L as N, 
respectively. The ammonia concentration at this system load for the 22 hour HRT is 520 and 
640 mg/L as N, respectively, for the biofilter and ASBR. This difference in ammonia 
concentrations was more evident the greater the difference in HRTs and held true for the 
entire study. The lower ammonia concentrations at shorter HRTs for a given system load is 
expected. The feed concentration at a given system load is greater in the system with the 
longer HRT. A higher feed concentration is going to produce more ammonia due to the 
increase in mass of organics. This "dilution" effect observed at low HRTs may make shorter 
HRTs attractive from an operational standpoint in regards to inhibitory substances (e.g. 
ammonia). 
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System EERT of 24 hours 
Figixre 103 shows the ammonia concentrations for the biofilter and ASBR at a system 
HRT of 24 hours. This system HRT was accomplished by operating the first stage biofilter at 
an HRT of 18 hours and the second stage ASBR at an HRT of 6 hours. The airunonia 
concentration in the biofilter increased from 356 to 1182 mg/L as N as the load increased 
from 11.5 to 19.7 g COD/L/day. The ammonia concentrations over these same loads 
increased from 568 to 1627 mg/L as N. Substance inhibition at this HRT has been alluded to 
several times in previous sections. It has been observed that ammonia becomes inhibitory at 
concentrations of about 1500 mg/L as N. This inhibitory concentration is dependent on pH 
since the NHj form of anunonia is much more toxic than the NH4^ form. The reactor system 
experienced failure in terms of organic removal at a system load of 19.7 g COD/L/day at a 
system HRT of 24 hours. The failure may have occurred due to high ammonia 
concentrations which topped the 1600 mg/L as N concentrations in the ASBR. The effects of 
the inhibitory substance were seen in both the COD removals (decreased) and the increased 
VFA production (Figures 64, 65 and 93). 
ASBR 3 
Figure 104 shows the ammonia concentrations in the third ASBR receiving effluent 
from a biofilter operating at 2,4, and 6 hours. The ASBR was operated at an HRT of 12 
hours when receiving effluent from the biofilter operating at an HRT of 4 and 2 hours. The 
ASBR was operated at an 18 hour HRT when the biofilter was operated at a 6 hour HRT. 
This gives system HRTs for these ammonia concentrations of 24,16, and 14 hours. The 
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ammonia concentrations in the ASBR when the biofilter was at 6 hours increased from 568 to 
1627 mg/L as N as the system load was increased from 11.5 to 19.7 g COD/L/day. The 
ammonia concentrations in the ASBR when the biofilter was at 4 hours increased from 70 to 
899 mg/L as N as the system load was increased from 3.0 to 26.8 g COD/L/day. When the 
ASBR received effluent from a biofilter at an HRT of 2 hours ammonia concentrations in the 
ASBR increased from 41 to 602 mg/L as N as the system load was increased from 4.5 to 21.8 
g COD/L/day. One of the data points was not included in the trend line of the data at a 
system HRT of 16 hours. This point was one of the outliers discussed previously. 
Figure 104 illustrates several important results in terms of ammonia concentrations 
and the "dilution" effect mentioned earlier. The data at a system HRT of 24 hours are the 
same as presented in the previous section and shows the inhibitory levels of ammonia. In 
comparing the data at different HRTs it would be expected that longer HRTs would produce 
high ammonia concentrations. This is clearly evident when comparing the ammonia 
concentrations at a 24 hour system HRT with those at a 14 or 16 hour HRT. However, there 
is no discernible difference in ammonia concentrations when comparing the 14 and 16 hour 
HRTs. This may be due to the small difference in HRT between systems operated at 14 and 
16 hour HRT. This can be illustrated by looking at the feed concentration for a given system 
load. It follows that the greater the feed concentration the higher the expected ammonia 
concentration. This was discussed previously and from this it was theorized that a longer 
HRT system would have a higher ammonia concentration at any given system load. For 
Figure 104 a system load of 14 g COD/L/day would require a feed concentration of 14, 9.3, 
and 8.2 g COD/L for system HRTs of 24,16, and 14 hours, respectively. The difference in 
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feed concentration between a system HRT of 24 hour and both 16 and 14 hours is great. 
However, this difference between 16 and 14 hours is much smaller. It follows that a greater 
difference in ammonia concentrations should be seen between a system HRT of 24 hours and 
one of either 16 or 14 hours than between a system HRT of 14 hours and 16 hours. This 
explains why no discernible difference is seen in ammonia concentrations between systems 
operated at an HRT of 14 and 16 hours. 
Alkalinity and pH 
Alkalinity and pH were tested at all data points during the entire length of this study. 
In addition, pH was measured at least twice a week to insure adequate conditions for 
optimum methanogenic growth. Figures 105 through 107 shows typical examples of both 
alkalinity and pH. The balance of the data are shown in Appendix A. 
System HRT of 28 hours 
Figure 105 shows the alkalinity concentration in both the ASBR and the bio filter at a 
system HRT of 30 hours. This was accomplished by operating the biofilter at an HRT of 4 
hours and the ASBR at an HRT of 24 hours. The alkalinity of the biofilter increased from 
1417 to 3883 mg/L as CaCOj as the system load was increased from 1.7 to 15.3 g 
COD/L/day. The alkalinity of the ASBR increased from 1450 to 4875 mg/L as CaCOj over 
these same system loads. The alkalinity at any given system load was higher in the ASBR 
than in the biofilter. There are two reasons for this. First, the solubility of CO, is less at 55 
°C than at 35 °C. This means that the amount of carbon dioxide in the liquid is decreased at a 
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higher temperature. This shifts the bicarbonate equilibrium such that the amount of alkalinity 
is less at higher temperatures than at lower temperatures. Second, alkalinity concentration 
increased from two sources in this study. Alkalinity was added in sufficient amounts to 
maintain the pH in the first stage to a range of 6.6 to 7.4 (Figure 61). Alkalinity was also 
created by the degradation of proteins. In either case, all of the alkalinity from the first stage 
thermophilic unit was passed to the second stage mesophilic ASBR. In addition to the 
alkalinity from the first stage, the ASBR increased alkalinity by the fiirther degradation of 
any remaining proteins. This, in combination with the lower temperatures, caused the 
alkalinity to be higher in the second stage ASBR. 
Biofilter 1 
Figure 106 shows the alkalinity concentrations from biofilter 1 at system HRTs of 30, 
28, and 26 hours. These system HRTs were accomplished by operating the biofilter at an 
HRT 6, 4, and 2 hours and the ASBR at an HRT of 24 hours. The alkalinity concentrations 
at a biofilter HRT of 6 hours increased from 3100 to 5240 mg/L as CaCOj as the system load 
was increased from 9.2 to 15.8 g COD/L/day. The alkalinity concentration of the biofilter at 
an HRT of 4 hours increased from 1417 to 3883 mg/L as CaCOj as the system load was 
increased from 1.7 to 15.3 g COD/L/day. The alkalinity concentration of the biofilter at an 
HRT of 2 hours increased from 2117 to 2800 mg/L as CaCOj as the system load was 
increased from 2.4 to 9.0 g COD/L/day. At this HRT the alkalinity concentration from the 
reactor decreased to 2333 mg/L as CaCOj as the load was increased from 9.0 to 11.8 g 
COD/L/day. 
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Figure 106 shows, in general, that the alkalinity increases as the system load 
increases. There are two reasons for this increase in alkalinity. First, the alkalinity produced 
is greater at higher loads due to an increase in protein introduced to the reactor. Second, a 
higher load causes higher VFA production. To neutralize these acids more alkalinity was 
added to the feed stock. Figure 61 shows the amount of alkalinity added to the reactors in the 
form of sodiimi bicarbonate. The amount of bicarbonate added was not based on any 
stoichiometric parameter. Bicarbonate was added such that the pH was high enough to allow 
methanogenic reactions to take place in the biofilter. This means that the alkalinity 
concentration was not based entirely on need, but on the amount added to the feed stock. 
Regardless of this, the amoimt of alkalinity added at a biofilter HRT of 2 hours was 
significantly higher than at HRTs of either 4 or 6 hours. For a feed concentration of 12 g 
COD/L the amount of alkalmity added at a biofilter HRT of 2 hours was 8800 mg/L as 
CaCOj. The amount of alkalinity added at a biofilter HRT of 4 hours was 2500 mg/L as 
CaCOj. However, the alkalinity in the reactor was less at a 2 hour HRT than at a 4 hr HRT. 
This significant change in alkalinity is due to the increase in VFA production at a 2 hour 
HRT. 
System 1 
Figure 107 shows the pH and system load of both the biofilter and the ASBR at 
system HRTs of 30, 28, and 26 hours. This was accomplished by maintaining the ASBR at a 
24 hour HRT and setting the biofilter HRTs at 6,4, and 2 hours. The pH, in general, was 
between 6.6 and 7.0 in the biofilter over the length of the study. The pH in the ASBR was 
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between 7.6 and 7.0 for the majority of the study. Figure 107 shows that the pH of the ASBR 
was always higher than the pH of the biofilter. This was expected and was accompanied by 
higher alkalinities in the ASBR. The normal limits of pH in anaerobic digestion is 6.6 to 7.6. 
Alkalinity was added to the first stage biofilter to maintain pHs in this range. The advantage 
of maintaining pHs in this range is that the biofilter is able to achieve methanogenesis. 
Without methanogenesis in the first stage, the second stage would be overwhehned by 
organics which were not completely reduced in the thermophilic first stage. 
Mixed Liquor and Effluent Suspended Solids, and SRT 
The mixed liquor suspended solids, solids retention time (SRT) and effluent 
suspended solids were measured at all system loads as described in the Experimental Testing 
section of this dissertation. All data and illustrations not presented in this section can be 
found in Appendix A. 
Mixed liquor suspended solids 
Figure 108 shows the mixed liquor suspended solids (MLSS) and mixed liquor 
volatile suspended solids (MLVSS) concentrations for ASBR 3 for the entire length of this 
study. It should be noted that no solids were taken fi-om or added to the reactor, except 
through decanting, for the length of this study. This ASBR was run at an HRT of 18 hours 
when the system HRT was 24 hours and at an HRT of 12 hours when the system HRT was at 
16 and 14 hours. This Figure illustrates 440 days of reactor operation. The MLSS for the 
ASBR increased from 36.42 g/L to 104 g/L over the length of this study. The initial MLVSS 
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Figure 108. MLSS in ASBR 3 at system HRTs of 24,16, and 14 hours. 
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for the ASBR was 28.9 g/L and the final MLVSS was 29.1 g/L. 
Initially, the MLSS concentration decreased fix)m 36.4 g/L to 31.5 g/L as the load on 
the system at a system HRT of 24 hours was increased fi-om 11.5 to 19.7 g COD/L/day. The 
MLVSS decreased fi-om 28.9 mg/L to 19.9 mg/L over these same loads and HRTs. The 
decrease in soUds may not be a trend, but a stable condition, since the data points were taken 
at quasi steady state. The reactors were operating under stress at the HRT of 24 hours due to 
high ammonia levels. Also, the percent volatile solids decreased from 79 to 63 percent over 
these loads. This shows that the MLVSS decreased at a greater rate than the MLSS. This 
phenomenon will be discussed in a subsequent section. 
When the HRT of the ASBR was reduced to 12 hours and the system HRT reduced to 
16 hours there was a drop in both MLSS and MLVSS from 31.5 and 19.9 g/L to 25.2 and 
14.9 g/L, respectively. This drop was do to the change in HRT and also the change in 
operating conditions of the biofilter (HRT from 6 to 4 hours). The ASBR responded well at a 
system HRT of 16 hours with MLSS solids increasing from 25.2 to 75.8 g/L as the system 
load increased from 3.0 to 26.8 g COD/L/day. The MLVSS responded with an increase in 
solids concentration from 14.9 to 28.3 g/L over these same loads. Coincidentally, this 
MLVSS concentration is about the same as the starting concentration. This increase in solids 
level is a good indication that good settling and biomass capture was occurring. The percent 
volatile solids during this period decreased from 63 to 37%. This decrease in percent solids 
does not mean that volatile solids were leaving the system, but that the non-volatile solids 
were increasing at a faster rate than the volatile solids. 
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As the system HRT was decreased from 16 to 14 hours the HRT of the ASBR 
remained the same (12 hours) while the HRT of the biofilter was decreased to 2 hours. This 
change in HRT saw the load decrease on the ASBR. The load on the ASBR decreased from 
17.4 g COD/L/day to 4.2 g COD/L/day. This caused a shift in equilibrium in the ASBR 
which caused MLSS concentrations to fall from 75.8 to 59.1 g/L and MLVSS concentrations 
to fall from 28.3 to 19.5 g/L. As the system load was increased from 4.5 to 21.8 g/1 the 
MLSS increased from 59.1 to 104.0 g/L. The MLVSS increased from 19.5 g/L to 29.1 g/L 
over these same system loads. The increase in MLVSS over these loads as well as other 
loads tested is a good indication of a healthy reactor. During the system load of 14 hours the 
percent of volatile MLSS decreased from 47 to 28%. This means that over 450 days the 
volatile soUds percentage in the mixed liquor fell from 79 to 28%. It should be noted that the 
rate of decrease of percent volatile solids was less at the end of the study than at the 
beginning. This decrease in percent volatile solids is of concem since a build up of non­
volatile (inactive) solids could crowd out important anaerobic bacteria. However, this 
decrease in percent volatile solids did not affect reactor performance which remained high at 
system HRTs of both 14 and 16 hours. 
Solid retention time 
Figure 109 shows the SRT over the length of this study for ASBR 3. This ASBR was 
run at an 18 hour HRT for a system HRT of 24 hours, and at a 12 hour HRT for system 
HRTs of 16 and 14 hours. The first stage biofilter which preceded the ASBR was operated at 
a 6,4, and 2 hour HRT. The SRT was based on the MLVSS and not the MLSS. When the 
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system was being operated at a 24 hour HRT the SRT decreased from 40 to 9 days. The SRT 
was not decreasing continuously over time but decreased at each data point. Data points 
were taken at quasi steady-state which means the solids concentrations were stable at each 
point. The large decrease in SRT at a system HRT of 24 hours occurred primarily as the 
system load was increased from 17.4 to 19.7 g COD/L/day. This increase in system load 
caused a inhibitory concentration of ammonia which caused solids to be washed out of the 
system. As a matter of fact, the reactor was in failure at a system load of 19.7 g COD/L/day 
which is indicated by a SRT of 9 days. Ten days is often considered the minimum SRT 
needed to maintain methanogenic activity. 
As the HRT of the system was decreased from 24 to 16 hours which was 
accomplished by lowering the biofilter HRT to 4 hours and the ASBR HRT to 12 hours, the 
SRT increased from 9 to 69 days. This increase in SRT was not due to an increase in 
MLVSS. Actually, Figure 108 shows that the MLVSS concentrations decreased from 19.9 to 
14.9 g/L. The increase in SRT was due to a decrease in effluent suspended solids. As the 
system load was increased from 3.0 to 26.8 g COD/L/day the SRT decreased from 69 to 32 
days. Once again this decrease in SRT was not due to a decrease in MLVSS, but an increase 
in effluent volatile suspended solids. The MLVSS actually increased from 14.9 to 28.3 g/L 
over these system loads. This illustrates the fact that the effluent suspended solids, not the 
MLVSS, controlled the SRT for this system. 
When the system HRT was decreased from 16 hours to 14 hours, similar results as 
previously described occurred. The SRT increased from 32 to 77 days immediately after the 
system HRT was decreased. This was due to a decrease in effluent suspended solids which 
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occurred from the decrease in system load. The SRT then decreased from 77 days to 34 days 
as the system load was increased from 4.5 to 21.8 g COD/L/day. Once again, this was due to 
deteriorating quality of effluent and not from a decrease in MLVSS. 
Effluent suspended solids (ESS) 
Figure 110 shows the total ESS for biofilter 3. This biofilter was operated at HRTs of 
6,4, and 2 hours. At a 6 hour HRT the ESS increased from 713 to 1789 mg/L as the load on 
the biofilter was increased from 46.1 to 78.9 g COD/L/day. At a 4 hour HRT the ESS 
increased from 383 to 1350 mg/L as the biofilter load was increased from 12.0 to 107.0 g 
COD/L/day. The ESS increased from 412 to 1022 mg/L on the biofilter at an HRT of 2 
hours as the load on the biofilter was increased from 31.3 to 152.8 g COD/L/day. 
Figure 110 shows that the TSS in the effluent increased as the load was increased. 
This was seen at all HRTs and was due to the increase in biomass associated with an increase 
in organic load and, thus substrate concentration. Solids produced in the biofilter effluent are 
from the "sloughing" off of biomass from the biofilm within the reactor. Additional solids 
were also produced in the biofilter due to precipitation of insoluble salts such as calcium 
carbonate. These precipitates were noticed in the reactor during the disassembly of the 
biofilter. In this Figure the ESS were, at a given load greater at longer HRTs. This 
generalization does not hold true for the other data. However, the difference in concentration 
at a given load between biofilters operating at difference HRTs is not large. Therefore, it can 
be concluded from this data that effluent suspended solids are dependent more upon organic 
load than on HRT. 
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Figure 110. Effluent total suspended solids from biofilter 3. 
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Figure 111 shows total ESS fix)m the ASBR at an HRT of 12 hours. At this HRT the 
biofilter was operated at a 2 and 4 hour which resulted in system HRTs of 14 and 16 hours. 
The total ESS from the ASBR at a 16 hour HRT increased from 205 to 848 mg/L as the load 
on the ASBR was increased from 1.9 to 17.4 g COD/L/day. The total ESS from the ASBR at 
a system HRT of 14 hours increased from 277 to 932 mg/L as the load on the ASBR was 
increased from 4.2 to 15.6 g COD/L/day. The total ESS for both systems at any given load is 
almost equal with differences being less than 100 mg/L. Also, it is clearly evident that the 
concentration of ESS increased as the load on the ASBR was increased. According to this 
data, it would seem that a decrease in system HRT causes an increase in ESS at any given 
load. However, this conclusion is not supported by the other data, some of which, shows the 
opposite to be true. What can be determined is that ESS are based more on load applied to 
the reactor than on the HRT of the reactor. Also, many other considerations become 
important in terms of effluent suspended solids. Inhibitory compounds can greatly increase 
ESS. Granulation or lack thereof also greatly affects suspended solids. 
As was implied earlier the ESS had a greater impact on the SRT than did the MLVSS. 
The SRT is much more sensitive to ESS changes than to changes in MLVSS. This is because 
changes in ESS are much greater over short periods of time than changes in MLVSS. 
Through out this study, as the load to the ASBR increased the ESS concentration increased 
and the SRT decreased. 
Figure 112 shows both the total and volatile ESS for the ASBR and biofilter at system 
HRTs of 16 and 14 hours. A 16 hour HRT was accomplished by establishing the ASBR at a 
12 hour HRT and the biofilter at a 4 hour HRT. A system HRT of 14 hour was accomplished 
263 
TSS 
BIOHLTER 
HRr-2HR 
SYSTEM 
HRT-UHR 
SUSPENDED 
SOLmS, 500 
mg/L 
BIOFILTER 
HRT-4HR 
SYSTEM 
HRT-KHR 
ASBR LOADING, g COD/L/day 
Figure 111. Effluent total suspended solids from ASBR at a 12 hour HRT. 
264 
1600 
1400 
1200 
1000 
SUSPENDED 
SOLIDS, 800 
mg/L 
600 
400 
TSS 
BIOFILTER 
MRr-4 HR 
rss 
BIOnLTER 
HRT-4HR 
ASBR 
HRT-12HR 
—VS 
ASBR 
HRT-12HR 
8 12 16 20 
SYSTEM LOADING, g COD/L/day 
24 28 
Figure 112. Effluent total and volatile suspended solids from system at a 16 hour HRT. 
265 
by operating the biofiher at a 2 hour HRT and the ASBR at a 12 hour HRT. Figure 112 
shows that at a 16 hour system HRT, total ESS from the biofilter increased from 383 to 1350 
mg/L as the system load was increased from 3.0 to 26.8 g COD/L/day. The volatile ESS 
increased from 290 to 1133 mg/L over these same system loads. The total and volatile ESS 
from the ASBR increased from 205 to 848 mg/L and 163 to 673 mg/L, respectively, as the 
system load was increased from 3.0 to 26.8 g COD/L/day. Figure 113 shows that at a system 
HRT of 14 hours the total and volatile ESS from the biofilter increased from 412 to 1022 
mg/L and 349 to 835 mg/L, respectively, as the system load was increased from 4.5 to 21.8 g 
COD/L/day. Over these same system loads the total and volatile ESS from the ASBR 
increased from 277 to 932 mg/L and 191 to 647 mg/L, receptively. 
Figure 112 shows that as the system load was increased the concentration of solids 
from both the ASBR and the biofilter increased. At high system loads the increase in ASBR 
ESS was greater than the increase in biofilter ESS. When looking at the percent volatile 
solids some interesting points can be gleaned from this Figure. Often times, volatile 
suspended solids are used as a measure of biomass in a reactor. This assumption works in a 
relative term, in that as the volatile suspended solids increase the biomass is probably 
increasing. It should be noted, however, that all solids counted as volatile are not biomass. 
In looking at the effluent from the biofilter in Figure 112 the volatile fraction of the ESS 
ranged from 74 to 86%. This shows that the majority of solids leaving the biofilter were of 
the volatile variety. The volatile fraction of the ESS leaving the ASBR was less, ranging 
from 69 to 80%. Once again, the majority of the solids leaving the ASBR were of the 
volatile variety. However, as mentioned earlier the volatile solids in the ASBR were quite 
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low (as low as 28%). 
The build up of non-volatile (inactive) solids can probably be attributable to two 
different phenomenon. First, non-volatile solids are often precipitates such as calcium 
carbonate. These non-volatile solids settle much more rapidly than the flocculent volatile 
solids which are carried over from the biofilter. The ASBRs in this system were run with a 
settling time of four minutes which selects for the faster setthng particles. It is not 
uncommon to see a decrease in the non-volatile portion of mixed liquor suspended solids due 
to this differential settling phenomenon. The other mechanism playing a role in the 
accumulation of non-volatile solids is both pH and temperature effects on the solubility of 
salts. The principal precipitate in this research was probably calcium carbonate. The 
precipitation of calcium carbonate depends on both temperature and pH. As the temperature 
increases the solubility of calciiun carbonate becomes less. Therefore, calcium carbonate 
well be less soluble and precipitate at higher temperatures. This should cause more 
precipitation in the thermophilic biofilter than in the ASBR. However, the pH difference in 
the ASBR counteracts this temperature difference. As the pH is increased the amount of 
carbonate becomes much higher. This pushes the equilibrium towards calcium carbonate 
precipitation. The pH was between 0.5 and 1.0 units higher in the ASBR. This increase in 
pH would cause more precipitation in the ASBR. If the precipitation is more sensitive to an 
increase in pH than a decrease in temperature there would be more precipitation in the 
ASBR. Another consideration in this mix is the interactions of microbes. Microbes could be 
involved in the precipitation of some organic. This consideration can not be discounted. 
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Figure 112 shows that the suspended solids from the biofilter were always higher than 
the suspended solids from the ASBR. This is important since it illustrates that solids were 
increasing in the system. However, it is an indication and not a direct conclusion since the 
type and function of solids entering and leaving the system were not accounted for in this 
study. 
Individual Volatile Fatty Acids 
Individual volatile fatty acid analysis was run for both the biofilter and the ASBR at 
system HRTs of26, 20, and 14 hours. Figures 113 and 114 shows typical results for both the 
biofilter and the ASBR at a system HRT of 14 hours. Illustrations and data not shown in this 
section are shown in Appendix A. 
System HRT 14 hours 
Figxu-e 113 shows the individual volatile fatty acids (VFA) for biofilter 3 which was 
operated at a 2 hour HRT. The system HRT was 14 hours at this biofilter HRT. As the 
system load was increased from 4.5 to 21.8 g COD/L/day the acetic acid increased from 178 
to 878 mg/L. Over these same loads the propionic, butyric, and valeric acids increased from 
661 to 1204 mg/L as acetic, 72 to 208 mg/L as acetic, and 1.0 to 1.34 mg/L as acetic, 
respectively. The butyric acid was actually determined as n-butyric, iso-butyric, 2-methyI-
butyric, and 3-methyl-butyric. For illustrative purposes these forms were added together and 
lumped as butyric acid. Generally, the amount of each acid increased as the system load 
increased. As the load was increased the amount of organics increased causing more VFA to 
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Figure 113. Individual volatile fatty acids for biofilter at a 14 hour system HRT. 
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be produced. In an anaerobic digestion process of waste it is generally assumed that 70% of 
all methane comes from acetic acid. Therefore, the majority of VFA produced should be 
acetic. One way to determine the health of an anaerobic system is to measure the propionic 
acid concentrations. Propionic acid concentrations build up in systems which are not 
working efficiently due to incomplete digestion. Figure 113 shows that the propionic acid 
not only increased as the load increased, but was higher at any load than the acetic acid. This 
shows that the system was stressed, probably because of the low HRT (2 hours). In general, 
as the methanogenic efficiency continues to decrease the butyric acid as well as the propionic 
acid will rise considerably. Figure 113 shows that, although the butyric acid concentration 
increased, the increase was gradual, indicating that the anaerobic digestion process was still 
mainly producing propionic and acetic acid. Valeric acid went as high as 157 mg/L which is 
of concern since this acid, a five carbon acid, should not be present in a healthy anaerobic 
process. This level was a symptom of operating at low HRTs and high organic loads, and 
more importantly was removed in the second stage ASBR. 
Figure 114 shows the individual VFA production for the ASBR operating at an HRT 
of 12 hours. The system was being operated at an HRT of 14 hours and at system loads 
ranging from 4.5 to 21.8 g COD/L/day during this data collection period. The acetic and 
propionic acids were higher at a low system HRT, then dropped as the load was increased up 
to 16.7 g COD/L/day, and then rose as the system load was increased to 21.8 g COD/L/day. 
The butyric and valeric acids, in general, increased as the system load was increased. The 
magnitude of these increases and decreases are not mentioned because they are quite low. 
The illustration is magnifying the effect of the concentration because the scale goes from 0 to 
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50 mg/L. Any concentration of acid under 50 mg/L is low and results in a stable, high 
quality efQuent. Figure 114 does show that the high acids produced from the biofilter 
(Figure 113) are almost entirely removed in the second stage ASBR. Also, the acetic 
concentration in the ASBR is higher than the propionic concentration meaning that the 
propionic acid is being either directly converted to methane or via acetic acid to methane. 
Valeric acid is near 0 mg/L with a high of only 1.34 mg/L as acetic. This shows, once again, 
that the second stage is compensating for incomplete digestion in the first stage by degrading 
any remaining acids. 
Shutdown and Start-up Study 
The final test done in this study was a shutdown and start-up study on ail three 
reactors. Figures 115 through 119 illustrate the results from this study. All other relevant 
illustrations and data are shown in Appendix A. The shutdown study was done by 
discontinuing the feed to the systems for a period of 14 days for systems 1 and 2 and for 18 
days for system 3. The temperature of all units during the shutdown period was maintained 
at 35 °C. After this period, substrate was introduced to the biofilter and subsequently to the 
ASBR. The temperature of the water bath for the thermophilic biofilters was increased to 55 
°C during the start-up period. Biogas production was monitored throughout the shutdown 
and start-up period and at the end of the period organic removals (soluble COD) and HRT 
were measured and system load was calculated. Table 24 summarizes the results of the 
shutdown for systems 1 through 3. 
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Figure 115. Cumulative biogas production from shutdown and start-up of system 1. 
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Table 24. Results of start-up following shutdown of system 1,2, and 3. 
Parameter System 1 System 2 System 3 
HRT, hours 4.8 5.1 5.2 
Load, g COD/L/day 7.9 9.9 13.2 
SCOD removal, % 
Biofilter 83 82 82 
ASBR 83 51 88 
System 97 91 98 
Cumulative gas production, L 
Biofilter 147.84 144.25 128.63 
ASBR 15.59 14.38 44.39 
System 1 
Figure 115 shows the cumulative biogas production for system 1 during a 14 day 
shutdown and a start-up period of about 59 hours. System 1 consisted of a thermophilic 
biofilter operated at an URT of 4.8 hours and a mesophilic ASBR operated at an HRT of 24 
hours. The system HRT for the start-up period was 28.8 hours and the system load during 
start-up was 7.9 g COD/L/day. The first point on Figiu-e 115 at 22 hours shows gas 
production on the final day of feeding before shutdown. At this point the system was 
shutdown as described previously. The gas production rate can be read fi-om Figure 115 by 
looking at the slope of the cumulative gas production line. After the shutdown, the slope of 
the line for the biofilter biogas production decreased significantly until it became horizontal. 
This indicates that the gas production rate declined until it reached 0 L/hour. The slope of the 
gas production line of the ASBR reached 0 L/hour immediately after cessation of feeding. In 
comparing the shutdown of the biofilter and the ASBR it is quite evident that there was more 
residual gas produced in the biofilter. This would be expected since the biofilter was not as 
in 
efficient as the ASBR and the "leftover" gas production was from undigested substrate. On 
the other hand, the ASBR was running very efiBciently until shutdown occmred and did not 
have many undigested substrate which led to virtually no residual gas production from the 
ASBR. 
The start-up period was characterized in both the ASBR and the biofilter by a short 
lag period and then a sudden increase in gas production (Figure 115). Figure 115 shows that 
the slope of the cumulative gas production increased to a constant level after approximately 
15 hours and then stayed at that slope for the remaining start-up time. This means that the 
gas production rate was the same after about 15 to 20 hours of time. At the end of the start­
up the removals were measured for both the biofilter and ASBR for system 1 (Table 24). 
These removals showed that after 59 hours of start-up the biofilter and ASBR were both 
capable of 83% removals of soluble COD. This brought system soluble removals to 97% 
which was as good as previous testing. The conclusion can be drawn that within 59 hours 
after a 14 day shutdown, reactor performance is back to normal. In addition the data supports 
the conclusion that reactor performance was back to pre-shutdown levels in as low as 15 
hours after start-up. 
Biofilter start-up 
Figure 116 show the cumulative biogas production for start-up of the three biofilters. 
Biofilters one and two were shutdown for 14 days and biofilter three was shutdown for 18 
days. The HRTs of the three biofilters during start-up were 4.8, 5.1, and 5.2 hours, 
respectively. The slope of the cumulative gas production shows the rate of gas production 
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and indirectly the organic removal. The trend lines for the three biofilters are relatively close 
to each other at the end of the start-up. Initially, the slopes of the lines increased dramatically 
for 10 hours after which time they achieved a relatively constant slope. The interpretation of 
this is that the biofilters had increasing organic removals for 10 hours, after which, organic 
removals were the same. The measured soluble COD removals after 59 hours were 83, 82, 
and 82 %, respectively, for biofilters 1,2 and 3. Figiu-e 116 shows that biofilter 3 lagged in 
cumulative gas production even though the slope of the line was the same as for biofilters 1 
and 2. One cause for this lag in production is that the longer shutdown (18 hours vs. 14 
hours) caused a slightly longer start-up time. However, after 20 hours the slope of the biogas 
production line fi"om biofilter 3 was the same as biofilters 1 and 2. 
ASBR start-up 
Figiu-e 117 shows the cumulative biogas production for ASBRs I, 2, and 3. These 
ASBRs were operated at 24,18, and 12 hours, respectively. The cumulative gas production 
from the 12 hour HRT ASBR was higher than the biogas production from the 18 hour HRT 
ASBR which was in turn higher than the biogas production from the 24 hour HRT ASBR. 
Comparison between the start-up of the ASBRs is difficult since the loads on the ASBRs 
vary according to biofilter performance and HRT. Theoretically, there should be more gas 
production from the reactors with the lowest HRT since they are being fed more substrate. 
The ASBR at 18 hours was inhibited during the start-up and did not perform as well as the 
other two ASBRs. This is evident in Figure 117 by looking at the slope of the cumulative 
biogas production. The ASBR at an 18 hour HRT had the same slope as the ASBR at a 24 
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hour HRT. This low level of performance was confirmed when looking at soluble COD 
removals for all ASBRs. The soluble COD removals for the ASBRs were 83,51, and 88%, 
respectively. The poor performance of ASBR two caused a lower system performance. 
System removals were 97,91, and 98%, respectively. Even though system 2 did not perform 
as well during start-up as systems 1 or 3 the soluble COD removals were still in excess of 
90%. The initial lag in gas production for the ASBR at a 12 hour HRT was probably due to 
the time it takes for the system to come into gas equilibrium. Unlike ASBRs 1 and 2, ASBR 
3 did not have a gas meter hooked up to it during the shutdown portion of this study. When 
start-up commenced a gas meter was connected to this system. It then took time for the gas 
bag to fill and the bottles to pressurize before gas was measured and recorded. 
Individual volatile fatty acids from system 3 
Figures 118 and 119 show the individual volatile fatty acids for both the biofilter and 
ASBR from system 3. The biofilter was started-up at an HRT of 5.2 hours and the ASBR at 
an HRT of 12 hours. Figure 118 shows that after 4 hours the VFA concentrations were quite 
low in the biofilter. However, after 14 hours there was a large increase in VFA acids. This 
increase in VFA remained throughout the rest of the start-up. The butyric acid concentration 
was the most surprising result of this test. The butyric acid concentration increased from 15 
to 425 mg/L as acetic from 4 hours to 14 hours after start-up. After this increase the butyric 
acid concentration decreased to 75 mg/L as acetic 27 hours after start-up. The propionic acid 
concentration over this same time period increased from 62 to 464 mg/L as acetic eventually 
reaching 520 mg/1 as acetic. The acetic acid concentration increased from 46 to 293 mg/L as 
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acetic and leveled off at a concentration of 350 mg/L as acetic. Valeric acid remained low 
throughout this start-up never increasing above 21 mg/L as acetic. 
These results are quite surprising in that the butyric acid reached concentrations not 
previously seen in other results. The rapid increase in butyric acid is due to incomplete 
digestion. Butyric acid concentration would build up if the acetogens and methanogens were 
both inhibited. This suggests that both the acetogens and the methanogens take a longer time 
to get going after an extended shutdown. The build up of butyric acid is not as surprising as 
the large concentration of the butyric acid. After this build up, the butyric acid was converted 
to acetic acid and the concentration of butyric acid decreased. During this period, the 
propionic acid concentrations increased faster than the acetic acid concentration causing the 
propionic acid concentrations to be higher than the acetic acid concentrations. This is not 
surprising since during this study the propionic acid concentrations were generally higher in 
the biofilter than the acetic acid concentrations. 
Figure 119 shows that the individual volatile fatty acid concentrations in the ASBR at 
a 12 hour HRT increased during the start-up period. This increase in acids is not very large 
with propionic increasing from 4 mg/L as acetic at the start of the start-up to 9 mg/L as acetic 
after 59 hours. Acetic acid over this time increased from 6.3 to 7.8 mg/L as acetic. Butyric 
and valeric acid concentrations remained steady at 0.8 and 0.2 mg/L as acetic. 
Comparison to Other Systems Being Fed NFDM 
The temperature-phased system is superior to other systems in that it can achieve very 
high organic removals at high organic loads when compared to other anaerobic biological 
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processes. Figures 120 and 121 show the total and soluble COD removals of the 
temperature-phased ASBR-biofilter in comparison with various other systems. These other 
systems were all fed NFDM from the same source as used for this study and included a 
mesophilic and thermophilic biofilter, mesophilic ASBR, and a temperature-phased biofilter-
biofilter (TPBB). 
Figure 120 shows organic removals for all the systems based on total COD. The 
temperature-phased biofilter-ASBR (TPBA) operating at an HRT of 16 hours achieved 
similar results as both the mesophilic ASBR operating at a 24 hour HRT and the TPBB 
process operating at a 24 hour HRT. The TPBA process, however was able to maintain these 
high removals at loads much greater than either the mesophilic ASBR or the TPBB system. 
The mesophilic ASBR used for this comparison was only able to achieve a load of 10 g 
COD/L/day before reactor failure was experienced at a 24 hour HRT. The TPBB system 
failed due to a plugging problem at about 17.5 g COD/L/day. The TPBA system, however, 
was able to achieve a greater than 90% removal at a 16 hour HRT at loads in excess of 29 g 
COD/L/day. 
Figure 120 shows results from other studies using NFDM as a substrate. The 
thermophilic biofilter operated at both 12 and 24 hours was able to treat loads as high as 49 g 
COD/L/day, but was only able to obtain 80% removal of total COD and actually had total 
COD removals decline to 65% at the highest achievable load. The mesophilic ASBR at a 12 
hour HRT had removals of total COD in excess of 80% for loads ranging from 7 to 14 g 
COD/L/day but could not get greater than 90% removal at any load and also could not 
achieve a load greater than 14 g COD/L/day. The mesophilic biofilters operated at a 12 and 
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Figure 120. Comparison of anaerobic biological systems based on total COD removal. 
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Figure 121. Comparison of anaerobic biological systems based on soluble COD 
removal. 
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24 hour HRT performed the worst of all systems with removals declining from 70 to 55% as 
loads were increased from 3 to 22 g COD/L/day at an HRT of 24 hours. As the HRT was 
decreased to 12 hours the performance of the mesophilic biofilter decreased from 65% 
removal at 3 g COD/L/day to 25% removal at 13 g COD/L/day. 
Figure 121 shows the soluble COD removals for the same systems described 
previously. The soluble COD removals show a more competitive situation with most all 
systems able to achieve an 80% or greater removal of soluble COD. However, once again 
the TPBA system was able to achieve the best removals at the highest load demonstrating its 
superiority. The TPBB system and ASBR systems both had excellent soluble COD 
removals, but were unable to be operated at loads as high as the TPBA system. The 
thermophilic biofilters, although achieving high system loads, were unable to achieve the 
overall efficiency of the temperature-phased system. The mesophilic biofilter at a 12 hour 
HRT, as in total COD removal, performed worse than any other system. 
Both Figures clearly illustrate the advantages of using a TPBA system. This system 
was able to achieve the best removals at the highest loads at the shortest HRTs. Also, the 
system is amazingly resilient as demonstrated in the start-up and shutdown section. These 
Figures also illustrate some of the advantages and disadvantages of both mesophilic and 
thermophilic operation. The reactors which were operated at thermophilic temperatures 
(biofilters) were able to achieve very high organic loads, but did not have very good organic 
removals. The reactors operated at mesophilic temperatures (ASBRs) achieved excellent 
removals but could not be highly loaded. The TPBA system takes advantages of both 
operating temperatures which allows high loads and excellent organic removal efficiency. 
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CONCLUSIONS 
The following conclusions can be drawn from the temperature phased anaerobic 
biofilter-ASBR process: 
1. With a 6 hour biofilter HRT, the temperature phased anaerobic biofilter ASBR 
system is capable of TCOD removals in excess of 90% for system loads up to 
14.0 g COD/L/day at a system HRT of 30, and for system loads up to 17.4 g 
COD/L/day at a system HRT of 24 hours. It is capable of SCOD removals in 
excess of 96% at these system loads. It is also capable of TCOD removals in 
excess of 70% at loads from 17.4 g COD/L/day to 19.7 g COD/L/day. The 
system removed 79% of the SCOD at these loads. 
2. At a 4 hour biofilter HRT, the temperature phased anaerobic biofilter-ASBR 
system is capable of TCOD removals in excess of 86% for system loads up to 
15.3 g COD/L/day at a system HRT of 28 hours; in excess of 91% for system 
loads up to 19.5 g COD/L/day at a system HRT of 22 hours; and in excess of 
91% at loads up to 26.8 g COD/L/day at a system HRT of 16 hours. It is also 
capable of SCOD removals in excess of 94%, 97%, and 97%, respectively, for 
the above loads and HRTs. 
3. At a 2 hour biofilter HRT, the temperature phased anaerobic biofilter-ASBR 
system is capable of TCOD removals in excess of 90% for system loads up to 
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11.8 g COD/L/day at a system HRT of 26 hours; in excess of 88% for system 
loads up to 15.3 g COD/L/day at a system HRT of 20 hours; and in excess of 
93% at loads up to 21.8 g COD/L/day at a system HRT of 14 hours. It is also 
capable of SCOD removals in excess of 91%, 95%, and 96%, respectively, for 
the above loads and HRTs. 
4. The second stage ASBR reactor is capable of compensating for the declining 
performance of the thermophilic biofilters that occurs at high organic loads, 
and is the critical step in the overall performance of the temperature phased 
process. 
5. The temperature phased anaerobic biofilter-ASBR system is capable of 
eliminating the disadvantage of poor effluent quality from a thermophilic 
system while retaining the advantage of fast reaction rates at higher 
temperatures. 
6. The temperature phased system is also capable of eliminating the disadvantage 
of slow reaction rates of a mesophilic reactor and retaining the advantage of 
the high removal efficiency capable by a reactor at mesophilic temperatures. 
7. Using feed concentration and COD removal, the temperature phased system 
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performed equally (within 5%) at all system HRTs from feed concentrations 
as low as 2.5 g COD/L to as high as 18 g COD/L. 
8. The first stage thermophilic biofilters were able to achieve loads up to 155 g 
COD/L/day at HRTs as low as 2 hours. 
9. The second stage mesophilic ASBR was able to achieve efficient removals of 
TCOD of 85% and SCOD removals in excess of 90% for loads as high as 17 g 
COD/L/day at HRTs as low as 12 hours. 
10. The temperature phased system is capable of producing an effluent low in 
volatile fatty acids which indicates good organic efficiency. Also, the 
mesophilic ASBR is capable of compensating for the thermophilic biofilter by 
reducing the increased VFA concentrations associated with increasing organic 
loads to the system. 
11. Ammonia inhibtion was suspected at feed concentrations greater than 14 g 
COD/L. At this load ammonia concentrations in the ASBR were in excess of 
1450 mg/L as N for HRTs of both 30 and 24 hours. 
12. Alkalinity was added in the form of sodium bicarbonate (NaHCOj) and was 
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used to keep the pH in the biofilter between 6.6 and 7.0. The amount of 
alkalinity added increased greatly as the HRT was decreased in the biofilter 
from 4 to 2 hours. At a 2 hour HRT the amount of alkalinity added was 
approximately .73 g NaHCOj/g of NFDM. 
13. The pH of the ASBR can be controlled by adding alkalinity to the first stage 
thermophilic reactor. Through addition of alkalinity to the biofilter the pH in 
the ASBR was controlled to levels between 7.0 and 7.6. 
14. The MLVSS in the temperature phased system increased as the load increased. 
However, when the HRT of the biofilter and system load decreased the 
MLVSS showed a decrease in the ASBR. This decrease was due to the 
washout of solids which occurred during these changing conditions. 
15. The SRT of the ASBR which is used as an indication of biomass retention 
time was entirely dependent of the effluent suspended solids and not on the 
MLVSS of the ASBR. The SRT decreased as the load was increased due to 
an increase in effluent suspended solids. 
16. The high amount of alkalinity added caused inorganic precipitates to occur 
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within the ASBR. These precipitates have a higher settling velocity than 
biomass which caused a significant increase in non-volatile solids in the 
ASBR. ASBR 3 experienced a decrease in volatile solids from 79 to 28% 
over 440 days of operation. 
17. The first stage biofilter at a 2 hour HRT had higher propionic acid 
concentrations than acetic acid concentrations indicating an unbalanced 
reactor. The second stage ASBR contained low VFA concentrations of acetic, 
propionic, butyric, and valeric acid indicating good removals in the second 
stage ASBR. 
18. The shutdown and start-up study of 14 and 18 days showed that reactor 
performance was back to pre-shutdown performance within 59 hours after 
start-up. Evidence also suggests that the pre-shutdown performance may have 
been back as early as 15 hours after start-up. Also, the shutdown study of 18 
days showed that there was a 2 hour lag in start-up of the thermophilic 
biofilter. 
19. The individual volatile fatty acid production during start-up showed that 
initially very few acids are produced, but after 14 hours the VFA production 
was quite high and remained there. Also, after 14 hours the butyric acid 
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concentration was as high as either the acetic or propionic acid concentration. 
The butyric acid concentration then decreased to normal concentrations 27 
hours after start-up. 
20. The temperature-phased biofiher-ASBR system is able to achieve better 
organic removals or higher organic loads than either a mesophilic ASBR or 
thermophilic or mesophilic biofilter alone. 
21. The temperature-phased bio filter-ASBR system did not have a problem 
handling solids fi-om the first stage biofilter like the temperature-phased 
biofilter-biofilter (TPBB) process and, thus was able to achieve higher loads 
than the TPBB process. 
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Table 25. System, biofilter, and ASBR COD removals for system 1. 
System System Biofilter Biofilter ASBR ASBR System System 
Load HRT TCOD SCOD TCOD SCOD TCOD SCOD 
Removal Removal Removal Removal Removal Removal 
(g COD/L/day) (hours) (%) (%) (%) (%) (%) (%) 
9.22 30 83.81 90.66 50.21 58.21 91.94 96.10 
13.95 30 43.68 71.78 76.23 88.20 91.15 96.67 
15.79 30 51.02 61.06 55.49 68.43 78.20 87.71 
1.71 28 39.56 55.22 77.37 86.65 86.32 94.02 
5.23 28 67.27 75.06 80.08 85.14 93.48 96.29 
8.15 28 57.79 70.64 86.93 92.40 94.48 97.77 
10.92 28 58.72 68.94 88.84 94.59 95.39 98.32 
13.57 28 65.40 72.55 90.29 90.64 96.64 97.43 
15.29 28 63.69 69.81 90.76 95.89 96.65 98.76 
2.41 26 31.39 36.46 89.55 90.35 92.83 93.87 
3.25 26 50.07 50.77 86.54 89.21 93.28 94.69 
6.36 26 67.61 69.96 71.10 70.04 90.64 91.30 
9.02 26 60.45 66.42 87.34 87.16 94.99 95.69 
11.75 26 68.42 67.79 88.16 89.25 96.26 96.54 
Table 26. System, biofilter, and ASBR COD removals for system 2. 
System System Biofilter Biofilter ASBR ASBR System System 
Load HRT TCOD SCOD TCOD SCOD TCOD SCOD 
Removal Removal Removal Removal Removal Removal 
(g COD/L/day) (hours) (%) (%) (%) (%) (%) (%) 
2.18 22 61.05 71.50 77.80 91.48 91.35 97.57 
6.66 22 76.44 79.82 74.53 87.53 94.00 97.48 
10.38 22 51.08 67.24 93.45 92.77 96.80 97.63 
13.90 22 63.28 69.04 90.69 95.82 96.58 98.71 
17.27 22 58.37 67.29 90.19 93.32 95.92 97.81 
19.45 22 57.73 65.11 86.34 92.30 94.23 97.31 
3.13 20 46.07 58.54 85.95 94.26 92.42 97.62 
4.23 20 39.05 46.73 91.12 92.44 94.59 95.97 
8.26 20 38.32 49.64 80.55 91.03 88.00 95.48 
11.72 20 54.54 64.22 88.57 92.68 94.80 97.38 
17.43 20 54.35 62.34 80.03 91.33 90.89 96.73 
Table 27. System, biofilter, and ASBR COD removals for system 3. 
System System Biofilter Biofilter ASBR ASBR System System 
Load HRT TCOD SCOD TCOD SCOD TCOD SCOD 
Removal Removal Removal Removal Removal Removal 
(g COD/L/day) (hours) (%) (%) (%) (%) (%) (%) 
11.52 24 69.11 77.75 76.26 91.21 92.67 98.04 
17.43 24 64.64 71.70 84.25 93.56 94.43 98.18 
19.73 24 44.32 57.47 46.76 50.59 70.35 78.99 
2.99 16 68.19 76.68 71.73 87.88 91.01 97.18 
9.16 16 74.72 80.30 79.18 84.37 94.73 96.92 
14.27 16 70.49 78.17 89.61 96.59 96.93 99.26 
19.11 16 72.21 82.44 89.97 96.54 97.21 99.39 
23.74 16 67.04 72.77 87.83 93.32 95.99 98.18 
26.75 16 67.41 75.03 85.52 91.66 95.28 97.92 
4.48 14 52.59 58.16 86.41 90.93 93.56 96.21 
6.04 14 55.02 61.84 91.11 93.38 96.00 97.48 
11.80 14 67.41 73.00 87.80 92.01 96.02 97.84 
16.74 14 61.90 66.90 83.52 91.07 93.72 97.04 
21.83 14 64.23 70.49 86.65 94.00 95.22 98.23 
Table 28. Total COD removals for all systems based on feed concentration. 
Feed Removals Removals Removals Removals Removals Removals Removals Removals 
Concentration HRT30 HRT24 HRT28 HRT26 HRT22 HRT20 HRT16 HRT 14 
(g COD/L) (hours) (hours) (hours) (hours) (hours) (hours) (hours) (hours) 
n.53 91.94 92.67 — ~ — ~ ~ — 
17.44 91.15 94.43 ~ ~ — — ~ --
19.74 78.20 70.35 ~ — ~ — — 
2.00 -- 86.32 ~ 91.35 ~ 91.01 ~ 
6.10 ~ — 93.48 — 94.00 — 94.73 — 
9.51 — ~ 94.48 — . 96.80 — 96.93 — 
12.74 ~ ~ 95.39 ~ 96.58 — 97.21 --
15.83 ~ — 96.64 ~ 95.92 ~ 95.99 — 
17.84 ~ — 96.65 — 94.23 — 95.28 — 
2.61 — ~ ~ 92.83 ~ 92.42 — 93.56 
3.52 ~ — ~ 93.28 — 94.59 ~ 96.00 
6.89 — — ~ 90.64 ~ 88.00 — 96.02 
9.77 — ~ — 94.99 — 94.80 — 93.72 
12.73 ~ ~ ~ 96.26 ~ 90.89 — 95.22 
Table 29. Soluble COD removals for all systems based on feed concentration. 
Feed Removals Removals Removals Removals Removals Removals Removals Removals 
Concentration HRT30 HRT24 HRT 28 HRT 26 HRT 22 HRT 20 HRT 16 HRT 14 
(gCOD/L) (hours) (hours) (hours) (hours) (hours) (hours) (hours) (hours) 
11.53 96.10 98.04 ~ ~ ~ — ~ — 
17.44 96.67 98.18 — — — — — 
19.74 87.71 78.99 — -- — ~ — ~ 
2.00 ~ -- 94.02 -- 97.57 97.18 
6.10 — ~ 96.29 — 97.48 ~ 96.92 ~ 
9.51 — ~ 97.77 — 97.63 — 99.26 — 
12.74 ~ ~ 98.32 — 98.71 — 99.39 ~ 
15.83 — ~ 97.43 ~ 97.81 98.18 ~ 
17.84 ~ ~ 98.76 ~ 97.31 ~ 97.92 — 
2.61 — — — 93.87 — 97.62 — 96.21 
3.52 ~ — — 94.69 ~ 95.97 -- 97.48 
6.89 ~ ~ — 91.30 ~ 95.48 -- 97.84 
9.77 — — ~ 95.69 — 97.38 ~ 97.04 
12.73 ~ — — 96.54 — 96.73 — 98.23 
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Table 30. Total and soluble COD removals for biofilters at a 6 hour HRT. 
Biofilter Biofilter 1 Biofilter 3 Biofilter 1 Biofilter 3 
Load TCOD TCOD SCOD SCOD 
Removals Removals Removals Removals 
(gTCOD/L/day) (%) (%) W (%) 
46.10 87.05 69.11 92.53 77.75 
69.73 70.22 64.64 77.42 71.70 
78.93 60.82 44.32 68.85 57.47 
Table 31. Total and soluble COD removals for biofilters at a 4 hour HRT. 
Biofilter Biofilter 1 Biofilter 2 Biofilter 3 Biofilter 1 Biofilter 2 Biofilter 3 
Load TCOD TCOD TCOD SCOD SCOD SCOD 
Removals Removals Removals Removals Removals Removals 
(g TCOD/Uday) (%) (%) (%) (%) (%) (%) 
11.98 48.19 57.51 52.28 61.61 68.91 65.02 
36.63 71.95 74.29 62.07 78.62 77.98 70.44 
57.07 63.82 46.64 55.74 74.83 64.26 67.26 
76.42 64.61 59.94 58.31 73.38 66.23 73.66 
94.97 70.34 54.58 50.57 76.47 64.32 59.16 
107.00 68.87 53.89 51.12 74.13 61.94 62.54 
Table 32. Total and soluble COD removals for biofilters at a 2 hour HRT. 
Biofilter Biofilter 1 Biofilter 2 Biofilter 3 Biofilter 1 Biofilter 2 Biofilter 3 
Load TCOD TCOD TCOD SCOD SCOD SCOD 
Removals Removals Removals Removals Removals Removals 
(g TCOD/Uday) (%) (%) (%) (%) (%) (%) 
31.30 36.67 35.29 18.73 41.35 50.25 28.27 
42.30 53.91 26.86 22.90 54.56 36.08 34.58 
82.60 70.10 25.99 44.14 72.27 39.56 53.72 
117.20 63.49 45.45 34.69 69.00 57.07 43.27 
152.80 70.85 45.22 38.68 70.27 54.81 49.41 
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Table 33. ASBR removals for an HRT of 24 hours. 
ASBR TCOD TCOD TCOD SCOD SCOD SCOD 
Load Removals Removals Removals Removals Removals Removals 
ASBR ASBR ASBR ASBR ASBR ASBR 
HRT 30 HRT 28 HRT 26 HRT 30 HRT 28 HRT 26 
(g TCOD/L/day) (hours) (hours) (hours (hours) (hoiu3) (hours) 
1.49 50.21 — ~ 58.21 — — 
5.19 76.23 — — 88.20 — ~ 
7.73 55.49 — — 68.43 — — 
1.03 — 77.37 — — 86.65 — 
1.71 — 80.08 — — 85.14 — 
3.44 — 86.93 — — 92.40 — 
4.51 — 88.84 — — 94.59 — 
4.69 — 90.29 — — 90.64 — 
5.55 — 90.76 — — 95.89 — 
1.65 — — 89.55 — — 90.35 
1.62 — — 86.54 — — 89.21 
2.06 — — 71.10 — — 71.04 
3.57 — — 87.34 — — 87.16 
3.71 — — 88.16 — — 89.25 
Table 34. ASBR removals for an HRT of 18 hours. 
ASBR TCOD TCOD TCOD SCOD SCOD SCOD 
Load Removals Removals Removals Removals Removals Removals 
ASBR ASBR ASBR ASBR ASBR ASBR 
HRT 24 HRT 22 HRT 20 HRT 24 HRT 22 HRT 20 
(g TCOD/L/day) (hours) (hours) (hours (hours) (hours) (hours) 
4.75 76.26 — — 91.21 — — 
8.22 84.25 — — 93.56 — ~ 
14.65 46.76 — — 50.59 — — 
1.13 — 77.80 — — 91.48 — 
2.09 — 74.53 — — 87.53 — 
6.77 — 93.45 — — 92.77 — 
6.80 — 90.69 — — 95.82 
9.59 — 90.19 — — 93.32 — 
10.96 — 86.34 — — 92.30 
2.25 — — 85.95 — — 94.26 
3.43 — — 91.12 — — 92.44 
6.79 — — 80.55 — — 91.03 
7.10 — — 88.57 — — 92.68 
9.30 — — 80.03 — — 91.33 
299 
Table 35. ASBR removals for an HRT of 12 hours. 
ASBR TCOD TCOD SCOD SCOD 
Load Removals Removals Removals Removals 
ASBR ASBR ASBR ASBR 
HRT 16 HRT 14 HRT 16 HRT 14 
(gTCOD/Uday) (hours) (hours (hours) (hours) 
1.91 71.73 — 87.88 — 
4.63 79.18 — 84.37 — 
8.42 89.61 — 96.59 — 
10.62 89.97 — 96.54 — 
15.65 87.83 — 93.32 — 
17.43 85.52 ~ 91.66 — 
4.24 — 86.41 — 90.93 
5.43 — 91.11 — 93.38 
7.69 — 87.80 — 92.01 
12.76 ~ 83.52 — 91.07 
15.62 - 86.65 - 94.00 
Table 36. Volatile fatty acid production for system 1. 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT VFA VFA 
(g COD/L/day) (hrs) (hrs) (hrs) (mg/L as acetic) (mg/L/as acetic) 
9.22 30 6 24 274 100 
13.95 30 6 24 2331 171 
15.79 30 6 24 3135 271 
1.71 28 4 24 328 100 
5.23 28 4 24 758 48 
8.15 28 4 24 1174 60 
10.92 28 4 24 2123 83 
13.57 28 4 24 2314 114 
15.29 28 4 24 2083 94 
2.41 26 2 24 821 47 
3.25 26 2 24 504 29 
6.36 26 2 24 724 133 
9.02 26 2 24 1211 71 
11.75 26 2 24 1143 125 
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Table 37. Volatile fatty acid production for system 2. 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT VFA VFA 
(g COD/L/day) (hrs) (his) (hrs) (mg/L as acetic) (mg/L/as acetic) 
2.18 22 4 18 336 42 
6.66 22 4 18 704 43 
10.38 22 4 18 1670 51 
13.90 22 4 18 2471 94 
17.27 22 4 18 3460 145 
19.45 22 4 18 3226 214 
3.13 20 2 18 829 51 
4.23 20 2 18 1032 29 
8.26 20 2 18 2249 86 
11.72 20 2 18 1887 54 
15.28 20 2 18 3577 200 
Table 38. Volatile fatty acid production for system 3, 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT VFA VFA 
(g COD/L/day) (hrs) (hrs) (hrs) (mg/L as acetic) (mg/L/as acetic) 
11.52 24 6 18 1195 188 
17.43 24 6 18 2933 66 
19.73 24 6 18 4826 1766 
2.99 16 4 12 308 42 
9.16 16 4 12 1032 57 
14.27 16 4 12 1428 64 
19.11 16 4 12 1858 73 
23.74 16 4 12 3058 200 
26.75 16 4 12 3129 222 
4.48 14 2 12 875 51 
6.04 14 2 12 844 24 
11.80 14 2 12 1074 90 
16.74 14 2 12 3169 117 
21.83 14 2 12 3198 128 
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Table 39. Methane production for system 1. 
System System Biofilter Biofilter ASBR ASBR System 
Load HRT Methane Methane Methane Methane Methane 
g COD/L/day hrs L/day % L/day % L/day 
9.22 30 58.52 55.52 6.87 78.26 65.39 
13.95 30 60.69 52.63 14.27 73.81 74.96 
15.79 30 73.58 49.75 20.21 75.34 93.78 
1.71 28 8.64 61.65 1.40 71.84 10.04 
5.23 28 26.77 55.72 6.44 72.35 33.21 
8.15 28 30.14 50.39 8.16 68.19 38.30 
10.92 28 57.71 50.82 11.21 69.91 68.91 
13.57 28 66.44 50.71 18.90 73.24 85.34 
15.29 28 62.67 44.70 18.08 70.92 80.75 
2.41 26 5.07 45.04 4.29 67.96 9.36 
3.25 26 18.14 49.39 4.48 70.93 22.61 
6.36 26 35.50 43.55 4.23 69.54 39.74 
9.02 26 41.25 44.30 10.68 69.78 51.93 
11.75 26 36.01 49.22 7.02 67.73 43.03 
Table 40. Theoretical methane production for system 1 based on TCOD removals. 
System System Theoretical Theoretical Theoretical 
Load HRT Biofilter ASBR System 
Methane Methane Methane 
g COD/L/day hrs L/day L/day L/day 
9.22 30 42.13 2.62 44.75 
13.95 30 51.41 13.85 65.26 
15.79 30 50.40 15.02 65.42 
1.71 28 6.06 2.80 8.86 
5.23 28 27.67 4.80 32.47 
8.15 28 38.25 9.42 47.67 
10.92 28 51.85 12.61 64.46 
13.57 28 70.14 13.35 83.49 
15.29 28 77.38 15.87 93.25 
2.41 26 12.06 4.66 16.72 
3.25 26 23.92 4.42 28.34 
6.36 26 60.82 4.61 65.43 
9.02 26 78.13 9.81 87.94 
11.75 26 113.66 10.31 123.97 
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Table 41. Methane production for system 2. 
System System Biofilter Biofilter ASBR ASBR System 
Load HRT Methane Methane Methane Methane Methane 
g COD/L/day hrs L/day % Uday % L/day 
2.18 22 7.91 62.80 2.07 72.00 9.97 
6.66 22 29.37 56.33 6.17 72.74 35.54 
10.38 22 37.44 48.68 13.89 68.30 51.33 
13.90 22 50.28 50.50 20.63 71.11 70.91 
17.27 22 62.08 47.13 31.47 73.52 93.55 
19.45 22 46.00 45.45 34.38 70.98 80.38 
3.13 20 7.58 49.23 6.76 70.46 14.34 
4.23 20 21.41 50.88 8.31 71.66 29.72 
8.26 20 39.69 46.31 16.06 72.75 55.75 
11.72 20 49.46 45.07 19.53 70.81 68.98 
15.28 20 86.42 43.60 27.92 71.97 114.33 
Table 42. Theoretical methane production for system 2 based on TCOD removals. 
System System Theoretical Theoretical Theoretical 
Load HRT Biofilter ASBR System 
Methane Methane Methane 
g COD/L/day hrs L/day L/day L/day 
2.18 22 7.23 3.08 10.31 
6.66 22 28.57 5.46 34.03 
10.38 22 27.95 19.92 47.87 
13.90 22 48.10 19.44 67.53 
17.27 22 54.43 27.23 81.66 
19.45 22 60.55 29.82 90.36 
3.13 20 11.61 6.10 17.71 
4.23 20 11.92 9.86 21.77 
8.26 20 22.55 17.24 39.79 
11.72 20 55.93 19.82 75.75 
15.28 20 72.55 23.44 96.00 
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Table 43. Methane production for system 3. 
System System Biofilter Biofilter ASBR ASBR System 
Load HRT Methane Methane Methane Methane Methane 
g COD/L/day hrs L/day % L/day % L/day 
11.52 24 54.53 56.23 9.78 69.73 64.30 
17.43 24 70.36 54.11 13.71 74.56 84.07 
19.73 24 81.09 54.83 18.70 75.02 99.79 
2.99 16 6.41 63.19 2.11 72.86 8.52 
9.16 16 27.86 53.95 10.92 72.65 38.78 
14.27 16 34.96 47.54 11.72 68.33 46.67 
19.11 16 45.63 48.88 22.76 71.78 68.40 
23.74 16 49.64 46.58 35.28 72.75 84.91 
26.75 16 47.95 42.52 40.13 71.49 88.08 
4.48 14 6.54 39.58 7.63 66.48 14.16 
6.04 14 8.57 54.41 13.28 65.65 21.85 
11.80 14 41.04 47.45 17.18 64.78 58.22 
16.74 14 54.19 46.12 27.35 72.34 81.54 
21.83 14 74.36 41.90 44.05 71.79 118.41 
Table 44. Theoretical methane production for system 3 based on TCOD removals. 
System System Theoretical Theoretical Theoretical 
Load HRT Biofilter ASBR System 
Methane Methane Methane 
g COD/L/day hrs L/day L/day L/day 
11.52 24 33.45 12.67 46.12 
17.43 24 47.33 24.23 71.57 
19.73 24 36.73 23.98 60.71 
2.99 16 6.57 3.83 10.40 
9.16 16 23.87 10.27 34.14 
14.27 16 33.40 21.13 54.53 
19.11 16 46.79 26.75 73.55 
23.74 16 50.42 38.48 88.91 
26.75 16 57.43 41.75 99.18 
4.48 14 6.16 11.55 17.71 
6.04 14 10.16 15.58 25.74 
11.80 14 38.29 21.28 59.57 
16.74 14 42.70 33.56 76.26 
21.83 14 62.06 42.62 104.68 
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Table 45. Methane production based on volume of reactor for ASBR and Biofilter 
from system 1. 
Biofilter Biofilter Biofilter ASBR ASBR ASBR 
Load HRT Methane Load HRT Methane 
Production Production 
g COD/L/day hrs L/Uday g COD/l/day hrs L/L/day 
46.10 6 19.51 1.49 24 0.69 
69.73 6 20.23 5.19 24 1.43 
78.93 6 24.53 7.73 24 2.02 
11.98 4 2.88 1.03 24 0.14 
36.63 4 8.92 1.71 24 0.64 
57.07 4 10.05 3.44 24 0.91 
76.42 4 19.24 4.51 24 1.25 
94.97 4 22.15 4.69 24 2.10 
107.00 4 20.89 5.55 24 2.01 
31.33 2 1.69 1.65 24 0.48 
42.25 2 6.05 1.62 24 0.50 
82.63 2 11.83 2.06 24 0.47 
117.21 2 13.75 3.57 24 1.19 
152.79 2 12.00 3.71 24 0.78 
Table 46. Methane production based on volume of reactor for ASBR and Biofilter 
from system 2. 
Biofilter Biofilter Biofilter ASBR ASBR ASBR 
Load HRT Methane Load HRT Methane 
Production Production 
g COD/L/day hrs L/L/day g COD/l/day hrs L/L/day 
11.98 4 2.64 1.13 18 0.21 
36.63 4 9.79 2.09 18 0.62 
57.07 4 12.48 6.77 18 1.54 
76.42 4 16.76 6.80 18 2.29 
94.97 4 20.69 9.59 18 3.50 
107.00 4 15.33 10.96 18 3.82 
31.33 2 2.53 2.25 18 0.75 
42.25 2 7.14 3.43 18 0.92 
82.63 2 13.23 6.79 18 1.78 
117.21 2 16.49 7.10 18 2.17 
152.79 2 28.81 9.30 18 3.10 
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Table 47. Methane production based on volume of reactor for ASBR and Biofilter 
from system 3. 
Biofilter Biofilter Biofilter ASBR ASBR ASBR 
Load HRT Methane Load HRT Methane 
ProductioQ Production 
g COD/L/day hrs L/L/day g COD/l/day hrs L/L/day 
46.10 6 18.18 4.75 18 0.98 
69.73 6 23.45 8.22 18 1.37 
78.93 6 27.03 14.65 18 1.87 
11.98 4 2.14 1.91 12 0.26 
36.63 4 9.29 4.63 12 1.36 
57.07 4 11.65 8.42 12 1.46 
76.42 4 15.21 10.62 12 2.85 
94.97 4 16.55 15.65 12 4.41 
107.00 4 15.98 17.43 12 5.02 
31.33 2 2.18 4.24 12 0.95 
42.25 2 2.86 5.43 12 1.66 
82.63 2 13.68 7.69 12 2.15 
117.21 2 18.06 12.76 12 3.42 
152.79 2 24.79 15.62 12 5.51 
Table 48. Methane production for all systems based on feed concentration. 
Feed Methane Methane Methane Methane Methane Methane Methane Methane 
Concentration Production Production Production Production Production Production Production Production 
HRT 30 hrs HRT 24 hrs HRT 28 hrs HRT 26 hrs HRT 22 hrs HRT 20 hrs HRT 16 hrs HRT 14 hrs 
(gCOD/L) L/L/day L/L/day L/L/day L/L/day L/L/day L/L/day L/L/day L/L/day 
11.53 5.03 4.95 — — ~ ~ ~ — 
17.44 5.77 6.47 ~ ~ — ~ ~ --
19.74 7.21 7.68 ~ — — ~ ~ ~ 
2.00 — ~ 0.77 ~ 0.77 ~ 0.77 — 
6.10 — — 2.55 ~ 2.73 -- 3.53 — 
9.51 — — 3.19 ~ 4.28 -- 4.24 --
12.74 ~ ~ 5.74 — 5.91 ~ 6.22 --
15.83 ~ — 7.11 — 7.80 — 7.72 ~ 
17.84 ~ ~ 6.73 ~ 6.70 ~ 8.01 ~ 
2.61 — ~ — 0.78 — 1.20 — 1.29 
3.52 ~ — — 1.88 — 2.48 — 1.99 
6.89 — ~ — 3.31 ~ 4.65 -- 5.29 
9.77 ~ — — 4.33 — 5.75 — 7.41 
12.73 ~ — — 3.59 ~ 9.53 ~ 10.76 
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Table 49. Ammonia-nitrogen concentration for system 1. 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Ammonia Ammonia 
(g COD/Uday) (hrs) (hrs) (hrs) (mg/LasN) (mg/L as N) 
9.22 30 6 24 538 584 
13.95 30 6 24 867 884 
15.79 30 6 24 1237 1410 
1.71 28 4 24 68 74 
5.23 28 4 24 152 171 
8.15 28 4 24 414 539 
10.92 28 4 24 665 696 
13.57 28 4 24 762 924 
15.29 28 4 24 466 547 
2.41 26 2 24 40 56 
3.25 26 2 24 59 143 
6.36 26 2 24 66 114 
9.02 26 2 24 141 269 
11.75 26 2 24 63 253 
Table 50. Ammonia-nitrogen concentration for system 2. 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Ammonia Ammonia 
(g COD/L/day) (hrs) (hrs) (hrs) (mg/L as N) (mg/L as N) 
2.18 22 4 18 60 72 
6.66 22 4 18 164 174 
10.38 22 4 18 381 533 
13.90 22 4 18 584 665 
17.27 22 4 18 821 1022 
19.45 22 4 18 312 555 
3.13 20 2 18 42 53 
4.23 20 2 18 141 139 
8.26 20 2 18 293 461 
11.72 20 2 18 253 384 
15.28 20 2 18 468 734 
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Table 51. Ammonia-nitrogen concentration for system 3. 
System System Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Ammonia Ammonia 
(g COD/L/day) (hrs) (hrs) (hrs) (mg/L as N) (mg/L as N) 
11.52 24 6 18 356 568 
17.43 24 6 18 949 1022 
19.73 24 6 18 1182 1627 
2.99 16 4 12 57 70 
9.16 16 4 12 150 160 
14.27 16 4 12 326 438 
19.11 16 4 12 540 636 
23.74 16 4 12 582 899 
26.75 16 4 12 256 564 
4.48 14 2 12 16 41 
6.04 14 2 12 34 147 
11.80 14 2 12 88 205 
16.74 14 2 12 289 600 
21.83 14 2 12 136 602 
Table 52. Alkalinity and pH for system 1. 
System System Biofilter ASBR Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Alkalinity Alkalinity pH pH 
g COD/L/day hrs hrs hrs mg/L as CaCOj mg/L as CaCOj 
9.22 30 6 24 3100 3400 7.41 7.56 
13.95 30 6 24 4825 5508 7.30 7.58 
15.79 30 6 24 5242 10683 7.16 7.88 
1.71 28 4 24 1417 1450 6.75 7.04 
5.23 28 4 24 2300 2517 6.82 7.34 
8.15 28 4 24 2533 3483 6.95 7.30 
10.92 28 4 24 4000 4433 7.09 7.52 
13.57 28 4 24 3833 4850 6.97 7.41 
15.29 28 4 24 3883 4875 6.89 7.34 
2.41 26 2 24 2117 2767 6.71 7.15 
3.25 26 2 24 2033 2500 6.86 7.20 
6.36 26 2 24 1500 2267 6.64 7.09 
9.02 26 2 24 2050 2800 6.63 7.31 
11.75 26 2 24 1683 2333 6.38 7.09 
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Table 53. Alkalinity and pH for system 2. 
System System BiofUter ASBR Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Alkalinity Alkalinity pH pH 
g COD/L/day hrs hrs hrs mg/L as CaCOj mg/L as CaCOj 
2.18 22 4 18 1317 1450 6.76 6.92 
6.66 22 4 18 2333 2517 6.85 7.19 
10.38 22 4 18 2817 3650 6.81 7.28 
13.90 22 4 18 3583 4283 6.92 7.50 
17.27 22 4 18 3867 5500 6.91 7.46 
19.45 22 4 18 3350 4900 6.39 7.33 
3.13 20 2 18 2550 2883 6.89 7.29 
4.23 20 2 18 3550 3733 7.05 7.36 
8.26 20 2 18 5100 7100 7.16 7.75 
11.72 20 2 18 3350 4283 6.89 7.62 
15.28 20 2 18 4100 5967 6.84 7.64 
Table 54. Alkalinity and pH for system 3. 
System System Biofilter ASBR Biofilter ASBR Biofilter ASBR 
Load HRT HRT HRT Alkalinity Alkalinity pH pH 
g COD/L/day hrs hrs hrs mg/L as CaCOj mg/L as CaCOj 
11.52 24 6 18 4800 4067 7.20 7.01 
17.43 24 6 18 4825 6250 7.24 7.68 
19.73 24 6 18 4863 13988 6.88 7.91 
2.99 16 4 12 1367 1500 6.74 6.98 
9.16 16 4 12 2283 2433 6.76 7.15 
14.27 16 4 12 2400 3000 6.79 7.24 
19.11 16 4 12 3567 4175 6.77 7.37 
23.74 16 4 12 2967 5250 6.58 7.47 
26.75 16 4 12 2900 4783 6.44 7.30 
4.48 14 2 12 2217 2550 6.63 7.16 
6.04 14 2 12 2767 2983 6.63 7.22 
11.80 14 2 12 2483 3000 6.73 7.26 
16.74 14 2 12 4667 6250 6.89 7.71 
21.83 14 2 12 3100 5267 6.30 7.53 
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Table 55. Solids retention time and mixed liquor suspended solids for system 1. 
Days SRT MLSS MLVSS Volatile 
from 
Start-Up (days) (mg/L) (mg/L) % 
0 25 11.02 8.56 78 
34 13 10.33 7.57 73 
55 5 11.05 7.76 70 
86 63 13.56 7.60 56 
97 53 17.56 9.54 54 
125 36 17.96 8.95 50 
148 41 20.89 10.64 51 
169 43 27.71 13.03 47 
202 38 30.23 13.62 45 
259 76 34.43 9.51 28 
322 119 49.27 18.48 37 
380 129 61.11 23.18 38 
416 107 55.86 22.18 40 
442 104 72.15 25.12 35 
Table 56. Solids retention time and mixed liquor suspended solids for system 2. 
Days SRT MLSS MLVSS Volatile 
from 
Start-Up (days) (mg/L) (mg/L) % 
86 80 19.61 12.14 62 
97 38 21.88 13.26 61 
125 43 26.17 14.68 56 
148 42 33.64 17.10 51 
169 26 34.22 15.68 46 
202 29 53.08 21.73 41 
259 65 35.89 14.51 40 
322 82 47.63 20.26 43 
380 28 66.88 21.75 33 
416 30 60.85 14.97 25 
442 13 54.97 14.15 26 
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Table 57. Solids retention time and mixed liquor suspended solids for system 3. 
Days SRT MLSS MLVSS Volatile 
from 
Start-Up (days) (mg/L) (mg/L) % 
0 40 36.42 28.92 79 
34 33 36.95 26.34 71 
55 9 31.54 19.87 63 
86 69 25.24 14.93 59 
97 50 28.01 16.06 57 
125 55 29.94 17.71 59 
148 32 34.89 18.20 52 
169 26 47.44 22.12 47 
202 32 75.77 28.32 37 
259 77 59.14 19.48 33 
322 90 79.85 30.20 38 
380 78 102.90 33.86 33 
416 32 89.68 28.56 32 
442 34 103.97 29.12 28 
Table 58. Effluent suspended solids from biofilter and ASBR from system 1. 
System System Biofllter Biofilter Biofilter Biofllter ASBR ASBR ASBR ASBR 
HRT Load Load Total Volatile Volatile Load Total Volatile Volatile 
hrs ESS ESS ESS ESS 
g COD/Uday g COD/L/day mg/L mg/L % g COD/l/day mg/L mg/L % 
30 9.22 46.10 713 590 83 1.49 461 347 75 
30 13.95 69.73 1626 1379 85 5.19 712 582 82 
30 15.79 78.93 2451 2029 83 7.73 2149 1606 75 
28 1.71 11.98 383 290 76 1.03 157 120 77 
28 5.23 36.63 567 420 74 1.71 275 178 65 
28 8.15 57.07 1157 993 86 3.44 388 252 65 
28 10.92 76.42 1360 1062 78 4.51 456 260 57 
28 13.57 94.97 1250 970 78 4.69 460 300 65 
28 15.29 107.00 1350 1133 84 5.55 473 363 77 
26 2.41 31.33 412 349 85 1.65 218 126 57 
26 3.25 42.25 453 392 86 1.62 250 155 62 
26 6.36 82.63 733 570 78 2.06 232 180 78 
26 9.02 117.21 963 797 83 3.57 282 207 73 
26 11.75 152.79 1022 835 82 3.71 342 242 71 
Table 59. Effluent suspended solids from biofilter and ASBR from system 2. 
System System Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
HRT Load Load Total Volatile Volatile Load Total Volatile Volatile 
hrs ESS ESS ESS ESS 
g COD/L/day g COD/L/day mg/L mg/L % g COD/l/day mg/L mg/L % 
22 2.18 11.98 272 190 70 1.13 177 113 64 
22 6.66 36.63 443 310 70 2.09 357 263 74 
22 10.38 57.07 2475 2095 85 6.77 378 258 68 
22 13.90 76.42 1467 1147 78 6.80 480 307 64 
22 17.27 94.97 2035 1665 82 9.59 669 444 66 
22 19.45 107.00 1650 1428 87 10.96 732 563 77 
20 3.13 31.33 468 346 74 2.25 263 167 63 
20 4.23 42.25 845 657 78 3.43 287 185 65 
20 8.26 82.63 2100 1618 77 6.79 853 585 69 
20 11.72 117.21 1963 1640 84 7.10 523 372 71 
20 15.28 152.79 2183 1750 80 9.30 1182 818 69 
Table 60. Effluent suspended solids from biofilter and ASBR from system 3. 
System System Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
HRT Load Load Total Volatile Volatile Load Total Volatile Volatile 
hrs ESS ESS ESS ESS 
g COD/L/day g COD/L/day mg/L mg/L % g COD/l/day mg/L mg/L % 
24 11.52 46.10 713 590 83 4.75 764 536 70 
24 17.43 69.73 1626 1379 85 8.22 784 590 75 
24 19.73 78.93 1779 1449 81 14.65 2100 1631 78 
16 2.99 11.98 383 290 76 1.91 205 163 80 
16 9.16 36.63 567 420 74 4.63 352 243 69 
16 14.27 57.07 1157 993 86 8.42 345 243 70 
16 19.11 76.42 1448 1065 74 10.62 580 425 73 
16 23.74 94.97 1250 970 78 15.65 877 637 73 
16 26.75 107.00 1350 1133 84 17.43 848 673 79 
14 4.48 31.33 412 349 85 4.24 277 191 69 
14 6.04 42.25 453 392 86 5.43 318 252 79 
14 11.80 82.63 733 570 78 7.69 438 328 75 
14 16.74 117.21 963 797 83 12.76 953 677 71 
14 21.83 152.79 1022 835 82 15.62 932 647 69 
Table 61. Individual volatile fatty acids for all systems. 
System System Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
Load HRT Acetic Propionic Butyric Valeric Acetic Propionic Butyric Valeric 
g COD/L/day hrs mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as 
acetic acetic acetic acetic acetic acetic acetic acetic 
2.41 26 611.94 453.18 113.82 25.10 38.68 16.50 3.60 0.55 
6.36 26 631.45 874.26 251.39 69.59 2.47 1.53 0.79 0.00 
9.02 26 259.16 374.66 83.27 14.30 60.51 56.14 24.29 1.39 
n.75 26 117.16 101.00 20.20 37.37 4.14 1.41 0.51 0.00 
3.13 20 612.47 319.94 72.03 13.34 33.27 12.03 2.55 0.34 
8.26 20 661.25 715.28 180.39 25.45 0.59 0.00 0.00 0.00 
11.72 20 634.81 1047.20 170.94 44.11 8.37 6.91 0.00 0.00 
15.28 20 1027.17 1533.18 342.90 121.20 72.92 85.18 17.20 1.03 
4.48 14 624.44 660.56 71.61 14.60 35.94 28.41 7.96 0.92 
6.04 14 558.43 672.05 74.44 22.22 — — — — 
11.80 14 469.95 666.10 143.72 19.49 6.45 4.57 2.09 0.00 
16.74 14 895.18 1230.02 224.07 36.41 11.34 3.89 1.09 0.00 
21.83 14 877.69 1203.92 208.06 156.55 45.11 46.04 7.31 1.34 
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Table 62. Biogas production from system 1 during start-up and shutdown study. 
Date Time Elapsed Biofllter ASBR 
Time Cumulative Cumulative 
(hours) Gas Production 
(Liters) 
Gas Production 
(Liters) 
11/25/96 1:45 PM 0.00 0.00 0.00 
11/26/96 11:30 AM 21.75 79.82 6.69 
11/27/96 10:45 PM 57.00 90.18 7.79 
11/28/96 6:55 PM 77.17 93.15 8.69 
11/29/96 11:20 AM 93.58 94.70 8.83 
11/30/96 11:42 AM 117.95 96.28 9.17 
12/02/96 8:16 AM 162.52 96.28 9.17 
12/04/96 11:45 AM 214.00 96.28 9.17 
12/11/96 8:37 AM 378.87 96.55 9.41 
12/11/96 9:37 AM 379.87 96.55 9.41 
12/11/96 10:16 AM 380.52 96.77 9.41 
12/11/96 11:37 AM 381.87 98.35 11.71 
12/11/96 12:39 PM 382.90 98.35 11.74 
12/11/96 1:21 PM 383.60 98.35 11.74 
12/11/96 2:23 PM 384.63 98.75 11.74 
12/11/96 4:18 PM 386.55 101.00 11.76 
12/11/96 5:18 PM 387.55 102.46 11.76 
12/11/96 5:42 PM 387.95 103.72 11.76 
12/11/96 9:38 PM 391.88 112.14 11.76 
12/11/96 11:00 PM 393.25 114.80 11.85 
12/12/96 11:54 AM 406.15 141.37 16.07 
12/12/96 12:48 PM 407.05 141.84 16.83 
12/12/96 2:00 PM 408.25 146.72 17.37 
12/12/96 11:21 PM 417.60 166.68 19.23 
12/13/96 10:20 AM 428.60 207.22 21.65 
12/13/96 11:30 AM 429.77 218.38 21.99 
12/13/96 1:30 PM 431.77 223.49 22.90 
12/13/96 2:18 PM 432.57 225.05 23.04 
12/13/96 10:11 PM 440.45 244.13 24.76 
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Table 63. Biogas production from system 2 during start-up and shutdown study. 
Date Time Elapsed Biofilter ASBR 
Time Cumulative Cumulative 
(hours) Gas Production 
(Liters) 
Gas Production 
(Liters) 
11/25/96 1:45 PM 0.00 0 0 
11/26/96 11:30 AM 21.75 101.60 21.39 
11/27/96 10:45 PM 57.00 112.71 26.44 
11/28/96 6:55 PM 77.17 115.29 27.75 
11/29/96 11:20 AM 93.58 116.58 28.52 
11/30/96 11:42 AM 117.95 117.73 29.31 
12/02/96 8:16 AM 162.52 117.73 29.31 
12/04/96 11:45 AM 214.00 117.73 29.31 
12/11/96 8:37 AM 378.87 117.73 29.42 
12/11/96 9:37 AM 379.87 117.73 29.42 
12/11/96 10:16 AM 380.52 117.92 29.42 
12/11/96 11:37 AM 381.87 119.44 30.87 
12/11/96 12:39 PM 382.90 119.55 31.18 
12/11/96 1:21 PM 383.60 120.51 31.52 
12/11/96 2:23 PM 384.63 121.33 32.01 
12/11/96 4:18 PM 386.55 123.44 32.28 
12/11/96 5:18 PM 387.55 123.44 32.28 
12/11/96 5:42 PM 387.95 124.13 32.28 
12/11/96 9:38 PM 391.88 135.44 32.66 
12/11/96 11:00 PM 393.25 137.20 36.70 
12/12/96 11:54 AM 406.15 173.05 39.41 
12/12/96 12:48 PM 407.05 173.05 39.95 
12/12/96 2:00 PM 408.25 175.90 40.96 
12/12/96 11:21 PM 417.60 199.71 41.15 
12/13/96 10:20 AM 428.60 232.36 43.69 
12/13/96 11:30 AM 429.77 233.63 
12/13/96 1:30 PM 431.77 239.04 
12/13/96 2:18 PM 432.57 240.69 
12/13/96 10:11 PM 440.45 261.98 
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Table 64. Biogas production from system 3 during start-up and shutdown study. 
Date Time Elapsed Biofilter ASBR 
Time Cumulative Cumulative 
(hours) Gas Production 
(Liters) 
Gas Production 
(Liters) 
11/25/96 1:45 PM 0.00 0 
11/26/96 11:30 AM 21.75 1.09 
11/27/96 10:45 PM 57.00 2.02 
11/28/96 6:55 PM 77.17 2.89 
11/29/96 11:20 AM 93.58 3.36 
11/30/96 11:42 AM 117.95 3.79 
12/02/96 8:16 AM 162.52 3.79 
12/04/96 11:45 AM 214.00 3.79 
12/11/96 8:37 AM 378.87 3.79 
12/11/96 9:37 AM 379.87 3.79 
12/11/96 10:16 AM 380.52 3.79 
12/11/96 11:37 AM 381.87 3.80 
12/11/96 12:39 PM 382.90 3.81 
12/11/96 1:21 PM 383.60 3.82 
12/11/96 2:23 PM 384.63 4.13 
12/11/96 4:18 PM 386.55 6.49 
12/11/96 5:18 PM 387.55 6.49 
12/11/96 5:42 PM 387.95 7.64 0.00 
12/11/96 9:38 PM 391.88 17.76 0.34 
12/11/96 11:00 PM 393.25 21.49 1.46 
12/12/96 11:54 AM 406.15 48.82 14.46 
12/12/96 12:48 PM 407.05 48.87 14.54 
12/12/96 2:00 PM 408.25 54.74 15.41 
12/12/96 11:21 PM 417.60 77.03 23.01 
12/13/96 10:20 AM 428.60 101.74 33.66 
12/13/96 11:30 AM 429.77 105.16 33.83 
12/13/96 1:30 PM 431.77 109.44 36.77 
12/13/96 2:18 PM 432.57 111.36 37.64 
12/13/96 10:11 PM 440.45 132.42 44.39 
Table 65. Individual volatile fatty acids production from system 1. 
Elapsed Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
Time Acetic Propionic Butyric Valeric Acetic Propionic Butyric Valeric 
mg/1 as mg/1 as mg/1 as mg/i as mg/1 as mg/1 as mg/1 as mg/1 as 
hours acetic acetic acetic acetic acetic acetic acetic acetic 
383.75 29.29 45.45 13.13 0.00 20.91 8.89 7.27 3.03 
392.25 109.08 193.92 33.33 21.21 — — — — 
406.75 157.56 215.13 33.33 4.04 — — — — 
428.75 223.21 233.31 79.79 9.09 — — — — 
429.25 
— 
— 
... 2.73 2.73 0.20 0.00 
Table 66. Individual volatile fatty acids production from system 2. 
Elapsed Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
Time Acetic Propionic Butyric Valeric Acetic Propionic Butyric Valeric 
mg/I as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as 
hours acetic acetic acetic acetic acetic acetic acetic acetic 
383.75 166.86 130.81 28.84 0.00 14.95 9.49 0.91 0.51 
392.25 279.77 178.77 225.23 12.12 — — — — 
406.75 249.47 230.28 74.74 0.00 — — — — 
428.75 303.00 285.83 112.11 26.26 — — — — 
429.25 
— 
... ... ... 161.26 136.48 44.27 10.91 
Table 67. Individual volatile fatty acids production from system 3. 
Elapsed Biofilter Biofilter Biofilter Biofilter ASBR ASBR ASBR ASBR 
Time Acetic Propionic Butyric Valeric Acetic Propionic Butyric Valeric 
mg/1 as mg/l as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as mg/1 as 
hours acetic acetic acetic acetic acetic acetic acetic acetic 
383.75 46.46 62.62 15.15 0.00 6.36 4.04 0.61 0.00 
392.25 292.90 112.11 425.21 5.05 — — ... — 
406.75 344.41 464.60 72.72 15.15 — — — — 
428.75 350.47 520.15 97.97 21.21 — — — — 
429.25 — ... ... ... 7.78 9.29 i . n  0.20 
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Figure 122. Volatile fatty acid production at a system HRT of 28 hours. 
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Figure 123. Volatile fatty acid production at a system HRT of 26 hours. 
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Figure 124. Volatile fatty acid production at a system HRT of 22 hours. 
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Figure 125. Volatile fatty acid production at a system HRT of 14 hours. 
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Figure 126. Methane production from system at a 30 hour HRT. 
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Figure 127. Methane production from system at a 28 hour HRT. 
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Figure 128. Methane production from system at a 26 hour HRT. 
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Figure 129. Methane production from system at a 22 hour HRT. 
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Figure 130. Methane production from system at a 20 hour HRT. 
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Figure 131. Methane production from system at a 14 hour HRT. 
326 
THCRMOPBIUC 
•lOFILTSR 
flRr*4BR 
SYSTEM 
HRT-UHR 
METHANE 
rRODucnoN. \A.'l«3y 
(STP) 
TUUMOfUlUt 
60 to 100 
BIOFaTER LOAD, | COD/L/diy 
Figure 132. Methane production from biofilter 1 operated at a 6,4, and 2 hour HRT. 
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Figure 133. Methane production from biofilter 2 operated at a 4 and 2 hour HRT. 
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Figure 134. Methane production from ASBR operated at a 24 hour HRT. 
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Figure 135. Methane production from ASBR operated at a 12 hour HRT. 
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Figure 136. Ammonia concentrations for both biofilter and ASBR at a system HRT of 
30 hours. 
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Figure 137. Ammonia concentrations for both biofilter and ASBR at a system HRT of 
28 hours. 
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Figure 138. Ammonia concentrations for both biofilter and ASBR at a system HRT of 
26 hours. 
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Figure 139. Ammonia concentrations for both biofilter and ASBR at a system HRT of 
16 hours. 
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Figure 140. Ammonia coocentrations for both biofilter and ASBR at a system HRT of 
14 hours. 
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Figure 141. Ammonia concentrations for biofilter 1 at system HRTs of 30, 28, and 26 
hours. 
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Figure 142. Ammonia concentrations for biofilter 2 at system HRTs of 22 and 20 hours. 
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Figure 143. Ammonia concentrations for biofilter 3 at system HRTs of 24,16, and 14 
hours. 
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Figure 144. Ammonia concentrations for ASBR 1 at system HRTs of 30, 28, and 26 
hours. 
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Figure 145. Ammonia concentrations for ASBR 2 at system HRTs of 22,20 hours. 
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Figure 146. Alkalinity concentrations at a system HRT of 30 hours. 
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Figure 147. Alkalinity concentrations at a system HRT of 26 hours. 
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Figure 148. Alkalinity concentrations at a system HRT of 24 hours. 
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Figure 149. Alkalinity concentratious at a system HRT of 22 hours. 
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Figure 150. Alkalinity concentrations at a system HRT of 20 hours. 
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Figure 151. Alkalinity concentrations at a system HRT of 16 hours. 
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Figure 152. Alkalinity concentrations at a system HRT of 14 hours. 
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Figure 153. Alkalinity concentrations from biofilter 2. 
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Figure 154. Alkalinity concentrations from biofUter 3 
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Figure 155. Alkalinity concentrations from ASBR 1. 
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Figure 156. Alkalinity concentrations from ASBR 2. 
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Figure 157. Alkalinity concentrations from ASBR 3. 
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Figure 158. System load and pH at system HRTs of 22 and 20 hours. 
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Figure 159. System load and pH at system HRTs of 24,16 and 14 hours. 
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Figure 160. MLSS in ASBR at system HRTs of 30,28, and 26 hours. 
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Figure 161. MLSS in ASBR at system HRTs of 22 and 20 hours. 
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Figure 162. Solids retention time in ASBR 1 at system HRTs of 30,26, and 24 hours. 
SOLIDS 
RETENTION 50 
TIME, 
DAYS 
ASBR HRT oris Houn 
Sccond Part of Study 
BlonitcrHRT«4hr 
Third Part of Study 
BfoU(erHRT»2hr 
0 50 100 150 200 250 300 350 400 450 
DAYS 
Figure 163. Solids retention time in ASBR 2 at system HRTs of 22,20 hours. 
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Figure 164. Effluent total suspended solids from biofilter 1. 
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Figure 165. Effluent volatile suspended solids from biofilter 1. 
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Figure 166. Effluent total suspended solids from biofflter 2. 
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Figure 167. Effluent volatile suspended solids from biofilter 2. 
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Figure 168. Effluent volatile suspended solids from biofilter 3. 
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Figure 169. Effluent total suspended solids from ASBR at a 24 hour HRT. 
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Figure 170. Effluent volatile suspended solids from ASBR at a 24 hour HRT. 
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Figure 171. Effluent total suspended solids from ASBR at a 18 hour HRT. 
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Figure 172. Effluent suspended solids from ASBR at an 18 hour HRT. 
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Figure 173. Effluent volatile suspended solids from ASBR at a 12 hour HRT. 
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Figure 174. Effluent total and volatile suspended solids from a system at a 30 
HRT. 
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Figure 175. Effluent total and volatile suspended solids from a system at a 28 hour 
HRT. 
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Figure 176. Effluent total and volatile suspended solids from a system at a 26 hour 
HRT. 
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Figure 177. Effluent total and volatile suspended solids from a system at a 24 hour 
HRT. 
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Figure 178. Effluent total and volatile suspended solids from a system at a 22 hour 
HRT. 
350 
2500 
—BS 
•lOFILTUI 
RRT-XBR 
2000 
1500 
1000 
500 
V55 
ASBR 
BRT-lt BR 
0 I 2 4 6 10 12 
SYSTEM LOADING. i COD/Uday 
Figure 179. Effluent total and volatile suspended solids from a system at a 20 hour 
HRT. 
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Figure 180. EfHuent total and volatile suspended solids from a system at a 14 hour 
HRT. 
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Figure 181. Individual volatile fatty acids from biofilter at a system HRT of 26 hours. 
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Figure 182. Individual volatile fatty acids from biofilter at a system HRT of 20 hours. 
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Figure 183. Individual volatile fatty acids from ASBR at a system HRT of 26 hours. 
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Figure 184. Individual volatile fatty acids from ASBR at a system HRT of 20 hours. 
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Figure 185. Cumulative biogas production from system 2 during shutdown and start­
up study. 
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Figure 186. Cumulative biogas production from system 3 during shutdown and start­
up study. 
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Figure 187. Individual volatile fatty acid production during the start-up of biofilter 1. 
350 
300 
250 
I PROnONIC 
VOLATILE 2®® 
ACIDS, 
m(/L 
AS ACETIC 
BUTYRIC 
100 
VALCRIC 
395 390 400 405 410 415 425 420 430 
ELAPSED TIME, HOURS 
Figure 188. Individual volatile fatty acid production during the start-up of biofilter 2. 
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Figure 189. Individual volatile fatty acid production during the start-up of ASBR 1. 
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Figure 190. Individual volatile fatty acid production during the start-up of ASBR 2. 
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APPENDIX B: DERIVATION AND EXAMPLE CALCULATION OF 
CORRECTION FACTOR 
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rrjiT = 
Daily 
HRT 
Volume^^^ ASBR 
corrected ASBR Daily Flow^ corrected ASBR 
^^^corrected ASBR ~ ^^^ASBR 
Daily ASBR = Daily F/OW4,„^„,, 
Volume^„^„^ ASBR Correction Factor = 
Volume^BR 
Volume^„,^,^, = Daily Flow,,^^„^ x ^sbr 
. ^ Daily Flow,,^^,^ x HRT^sbr 
Correction Factor = — 
Volume^g^ 
Volume,,,J.,„„ 
Daily FIom>,^j,„^, = —— 
'^^^bioftlter 
358 
V o l u m e . , X  H R T . s b k  ^ ^ ^ otofuter A^BR Correction Factor = —— 
Volume^g^ X 
Example: If the ASBR has a volume of 8 L and an HRT of 12 hours, and 
the biofUter has a volume of 3 L and an HRT of 2 hours. 
What correction factor needs to be applied to the ASBR to determine the 
volume of the ASBR and subsequently the system load? What is the 
system load if the mass of COD being fed to the biofllter is 100 g/day? 
3 Z. X 12 Hours 
Correction Factor = ——r — 
8 L X 2 Hours 
Correction factor = 2.0 
Corrected ASBR volume = 2.0 x 8 Liters = 16.0 Liter 
System Volume = 16.0 L + 3.0 L = 19.0 L 
System Load =100 g/day /19.0 L = 5.26 g COD/L/day 
359 
WORKS CITED 
Albertson, O.E. (1961). "Ammonia Nitrogen and the Anaerobic Environment." Journal of 
the Water Pollution Control Federation, 33,9,978-995. 
Angenent, L.T., and Dague, R.R. (1995). "A Laboratory-Scale Comparison of the UASB 
and ASBR Processes." Proceedings of the 50th Industrial Waste Conference, Purdue 
University, 365-377. 
Aoiki, N., and Kawase, M. (1991). "Development of High Performance Thermophilic Two-
Phase Digestion Process." Water Science and Technology, 23,1147-1156. 
Banik, G.C., and Dague, R.R. (1996). "ASBR Treatment of Dilute Wastewater at 
Psychrophilic Temperatures." Proceedings of the 69^^ Annual Conference, Water 
Environment Federation, Dallas, TX. 
Barth, E.F., and et. al. (1965). "Summary Report on the Effects ofHeavy Metals on the 
Biological Treatment Process." Journal of the Water Pollution Control Federation, 
37, 1, 87-96. 
Blaut, M. (1994). "Metabolism of Methanogens." Antoinevan Leeuwenhoek,66, \%1-2QZ. 
Buhr, H.O., and Andrews, J.F. (1977). "The Thermophilic Anaerobic Digestion Process." 
Water Research, 11, 129-143. 
Caine, M.E., Anderson, G.K., and Doimelly, T. (1991). "A Study into the Effect of a Series 
of Shocks on a Pilot-Scale Anaerobic Filter." Proceedings of the 45th Industrial 
Waste Conference, Purdue University, 451-461. 
Chian, E.S.K., and DeWalle, F.B. (1977). "Treatment of High Strength Acidic Wastewater 
wit a Completely Mixed Anaerobic Fiher." Water Research, 11, 295-304. 
Chiang, C.F., and Dague, R.R. (1992). "Effects of Reactor Configwation and Biomass 
Activity on the Performance of Up flow Static Media Anaerobic Reactors." Water 
Environment Research, 64, 2, 141-149. 
Chung, K.T. (1976). "Inhibitory Effects of H2 on Growth of Clostridium cellobioparum." 
Applied Environmental Microbiology, 31, 342-348. 
Clark, R.H., and Speece, R.E. (1971). "The pH Tolerance of Anaerobic Digestion." 
Advances in Water Pollution Research,!. Pergamon Press: Oxford, England, 1971. 
360 
Cohen, A., and et. al. (1982). "Influence of Phase Separation on the Anaerobic Digestion of 
Glucose-U. Stability, and Kinetics Response to Shock Loading." Water Research, 16, 
449-455. 
Dague, R.R. (1966). Anaerobic Activated Sludge. Doctoral Dissertation, University of 
Kansas, Lawrence, Kansas. 
Dague, R.R. (1974). "Methane Gas Production From Swine Manure." Proceedings from the 
Waste Management Workshop, American Pork Congress, Des Moines, Iowa, 115-
132. 
Dague, R.R., and Habben, C.E. (1992). "Initial Studies on the Anaerobic Sequencing Batch 
Reactor." Proceedings of the 16th Conference of the International Association for 
Water Pollution Control and Research, Washington, D.C. 
Dague, R.R., and McKinney, R.E. (1966). "Anaerobic Activated Sludge." Journal of the 
Water Pollution Control Federation, 38, 2, 220-226. 
Dague, R.R., and Sung, S. (1992). "Bioconversion of Industrial and Agricultural Wastes by 
an Anaerobic Sequencing Batch Reactor." Proceedings of the Sixteenth Annual 
Conference on Energy from Biomass, Orlando, FL. 
De Los Reyes, F.L., and Dague, R.R. (1995). "Effects of Seed Concentration and Organic 
Loading on the Start-Up of the Anaerobic Sequencing Batch Reactor." Proceedings 
of the 68^^ Annual Conference, Water Environment Federation, Miami Beach, Fl. 
Dieckert, G., and Wohlfarth, G. (1994). "Metabolism of Homoacetogens." Antonie van 
Leeuwenhoek, 66, 209-221. 
Dinopoulou, G., and Lester, J.N. (1989). "Optimization of a Two-Phase Anaerobic 
Digestion System Treating a Complex Wastewater." Environmental Technology 
Letters, 10, 799-814. 
Duarte, A.C., and Anderson, G.K. (1982). "Inhibition Modeling in Anaerobic Digestion." 
Water Science and Technology, 14, 749-763. 
Fisher, A.J., and Greene. (1945) "Plant Scale Tests on Thermophilic Digestion." Sewage 
Works Journal, 17, 718-729. 
Garber, W.F. (1982). "Operating Experience with Thermophilic Anaerobic Digestion." 
Journal of the Water Pollution Control Federation, 54, 8, 1170-1175. 
361 
Garber, W.F., Ohara, G.T., Colbaugh, J.E., and Raskit, S.K. (1975). "Thermophilic 
Digestion at the Hyperion Treatment Plant." Journal of the Water Pollution Control 
Federation, 47, 950. 
Guiot, S.R., and Van den Berg, L. (1984). •T)ynamic Performance of an Anaerobic Reactor 
Combining an Upflow Sludge Blanket and a Filter for the Treatment of Sugar 
Waste." Proceedings of the 39th Industrial Waste Conference, Purdue University, 
705-717.. 
Guiot, S.R., and Van den Berg, L. (1985). "Performance of an Upflow Anaerobic Reactor 
Combining a Sludge Blanket and a Filter Treating Sugar Waste." Biotechnology and 
Bioengineering, 27, 800-806. 
Gujer, W., and Zehnder, A.J.B. (1983). "Conversion Processes in Anaerobic Digestion." 
Water Science and Technology, 15, 8/9,127-167. 
Hallopeter, J.A., and Dague, R.R. (1994). "Anaerobic Sequencing Batch Reactor Treatment 
of Landfill Leachate." Proceedings of the 49th Industrial Waste Conference, Purdue 
University. 
Hamoda, M.F., and Kennedy, K.J. (1987). "Biomass Retention and Performance of 
Anaerobic Fixed-Film Reactors Treating Acetic Acid Wastewater." Biotechnology 
and Bioengineering, 30,272-281. 
Han, Y., and Dague, R.R. (1995). "Laboratory Studies on the Temperature-Phased 
Anaerobic Digestion of Domestic Wastewater Sludge." Proceedings of the 68^^ 
Annual Conference, Water Enviroiunent Federation, Miami Beach, Fl. 
Han, Y., and Dague, R.R. (1996a). "Laboratory Studies on the Temperature-Phased 
Anaerobic Digestion of Mixtures of Primary and Waste Activated Sludge." 
Proceedings of the 69^^ Annual Conference, Water Environment Federation, Dallas, 
TX. 
Han, Y., and Dague, R.R. (1996b). "Heat Control; Temperature-phased anaerobic digestion 
reduces foaming and produces Class A biosolids without the odors." Operations 
Forum, 13, 6, 19-23. 
Harris, W.L. (1992). Comparative Performance of Anaerobic Filters at Mesophilic and 
Thermophilic Temperatures. Ph.D. dissertation, Library, Iowa State University, 
Ames, Iowa 50011. 
362 
Harris, W.J., and Dague, R.R. (1993). "Comparative Performance of Anaerobic Filters at 
Mesophilic and Thermophilic Temperatures." Water Environment Research, 65, 6, 
764-771. 
Herum, B.A., and Dague, R.R. (1993). "The Effect of Applied Vacuimi on the Performance 
of the Anaerobic Sequencing Batch Reactor." Proceedings of the 48th Industrial 
Waste Conference, Purdue University, 529-539. 
Heukelekian, H., and Heinemann, B. (1939). "Studies on Methane-Producing Bacteria. I. 
Development of a Method for Enumeration." Sewage Works Journal, 11, 3,426-435. 
Heukelekian, H., and Kaplovsky, A.J. (1948). "Effect ofChange of Temperature on 
Thermophilic Digestion." Sewage Works Journal, 20, 5, 806-816. 
Holland, K.T., Knapp, J.S., and Shoesmith, J.G. (1987). Anaerobic Bacteria, Blackie and 
Son Limited, Glasgow, Scotland. 
Howerton, D.E., and Young, J.C. (1987). 'Two-Stage Cyclic Operation of Anaerobic 
Filters." Journal of the Water Pollution Control Federation, 59, 8, 788-794. 
Hwu, C.S., Donlon, B., and Lettinga, G. (1996). "Comparative Toxicity of Long-Chain 
Fatty Acid to Anaerobic Sludges from Various Origins." Water Science and 
Technology, 34, 5-6, 351-358. 
Inane, B., Matsui, S., and Ide, S. (1996). "Propionic Acid Accumulation and Controlling 
Factors in Anaerobic Treatment of Carbohydrate: Effects of H, and pH." Water 
Science and Technology, 34, 5-6, 317-325. 
Kaiser, S.K., Dague, R.R., and Harris, W.L. (1995). "Initial Studies on the Temperature-
Phased Anaerobic Biofilter Process." Water Environment Research, 67, 7, 1095-1103. 
Kermedy, K.J., and et al. (1989). "Media Effects on Performance of Anaerobic Hybrid 
Reactors." Water Research, 23,11,1397-1405. 
Kennedy, K.J., and Droste, R.L. (1986). "Anaerobic Fixed-Film Reactors Treating 
Carbohydrate Wastewater." Water Research, 20,6, 685-695. 
Kennedy, K.J., and van den Berg, L. (1982). "Thermophilic Downflow Stationary Fixed 
Film Reactors for Methane Production from Bean Blanching Waste." Biotechnology 
Letters, 4, 3, 171-176. 
363 
Kennedy, K.J., and van den Berg, L. (1981). "Effects of Temperature and Overloading on 
the Performance of Anaerobic Fixed-Film Reactors." Proceedings of the 36th 
Industrial Waste Conference, Purdue University, 678-685. 
Lawrence, A. W., and McCarty, P.L. (1969). "Kinetics of Methane Fermentation in 
Anaerobic Treatment." Journal of the Water Pollution Control Federation, 41, 2, 
R1-R17. 
McCarty, P.L. (1964a). "Anaerobic Waste Treatment Fundamentals: I. Chemistry and 
Microbiology." Public Works, 9,107-112. 
McCarty, P.L. (1964b). "Anaerobic Waste Treatment Fimdamentals: HI. Toxic Materials 
and Their Control." Public Works, 11, 91-94. 
McCarty, P.L. (1966). "Kinetics of Waste Assimilation in Anaerobic Treatment." American 
Institute of Biological Sciences, 7, 144. 
McCarty, P.L., Jeris, J.S., and Murdoch, W. (1963). "Individual Volatile Acids in Anaerobic 
Treatment." Journal of the Water Pollution Control Federation, 35, 12, 1501-1516. 
McCarty, P.L., and McKinney, R.E. (1961). "Salt Toxicity in Anaerobic Digestion." 
Journal of the Water Pollution Control Federation, 33, 4, 399-415. 
McCarty, P.L., and McKinney, R.E. (1961). "Volatile Acid Toxicity in Anaerobic 
Digestion." Journal of the Water Pollution Control Federation, 33, 3, 223-232. 
McCarty, P.L., and Vath, C.A. (1962). "Volatile Acid Digestion at High Loading Rates." 
International Journal of Air and Water Pollution, 6, 65-73. 
Miller, T.L., and Wolin, M.J. (1985). "Methanosphaera stadtmanii, %en.'Hov.,s^.'i^ov.\ a 
Species that Forms Methane by Reducing Methanol with Hydrogen." Arach. 
Microbiology, 141, 116-122. 
Mosey, F.E. (1976). "Assessment of the Maximum Concentration of Heavy Metals in Crude 
Sewage which will not Inhibit the Anaerobic Digestion of Sludge." Water Pollution 
Control, 75, 10-18. 
Mosey, F.E., and Hughes, D.A. (1975). "The Toxicity of Heavy Metal Ions to Anaerobic 
Digestion." Water Pollution Control, 74, 18-35. 
Mueller, J. A., and Mancini, J.L. (1975). "Anaerobic Filter - Kinetics and Application." 
Proceedings of the 30th Industrial Waste Conference, Purdue University, 423-447. 
364 
Neidhardt, F.C., Ingraham, J.L., and Schaechter, M. (1990). Physiology of the Bacterial 
Cell: A Molecular Approach, Sinauer Associates, Sunderland, MA. 
Ozturk, M. (1993). "Degradationof Acetate, Propionate, and Butyrate Under Shock 
Temperature." Journal of Environmental Engineering, 119,2,321-331. 
PfefFer, J.T., Leiter, M., and Worland, J.R. (1967). "Population Dynamics in Anaerobic 
Digestion." Journal of the Water Pollution Control Federation, 39, 1305-1322. 
Pidaparti, S.R. (1991). Anaerobic Sequencing Batch Reactor Treatment of Swine Wastes at 
35 °C and 25 "C. Masters thesis. Library, Iowa State University, Ames, Iowa 50011. 
Pine, M.J., and Barker, H.A. (1956). "Studies on the Methane Formation. Xn. The 
Pathway of Hydrogen in the Acetate Formation." Journal of Bacteriology, 71, 644-
648. 
Pohland, F.G., and Ghosh, S. (1971). 'T)eveIopments in Anaerobic Stabilization of Organic 
Wastes - the Two-Phase Concept." Environmental Letters, 1, 4, 255-266. 
Pretorius, W.A. (1983). "An Overview of Digestion Processes." Water Science and 
Technology, 15,1-6. 
Romli, M., Greenfield, P.F., and Lee, P.L. (1994). "Effect of Recycle on a Two-Phase High-
Rate Anaerobic Wastewater Treatment System." Water Research, 28, 2,475-482. 
Rudolfs, W. (1927). "Effect of Temperature on Sewage Sludge Digestion." Industrial and 
Engineering Chemistry, 19, 2, 241-243. 
Schmit, C.G. (1992). Anaerobic Sequencing Batch Reactor Treatment of Swine Waste at 20 
°C. Masters thesis. Library, Iowa State University, Ames, Iowa 50011. 
Schmit, C.G., and Dague, R.R. (1994). "Bioconversion of Swine Waste to Methane Using 
an Anaerobic Sequencing Batch Reactor." Proceedings of the Sixth National 
Bioenergy Conference, Reno, NV, 227-234. 
Schroepfer, G.J., and et. al. (1955). "The Anaerobic Contact Process as Applied to 
Packinghouse Wastes." Sewage and Industrial Wastes, 27, 4,460-486. 
Schulze, K.L., and Raju, B.N. (1958). Studies on Sludge Digestion and Methane 
Fermentation: H. Methane Fermentation of Organic Acids." Sewage and Industrial 
Wastes, 30, 2,164-184. 
365 
Seagren, E.A., Levine, A.D., and Dague, R.R. (1991). "High pH Effects in Anaerobic 
Treatment of Liquid Industrial Byproducts." 45^^ Purdue Industrial Waste 
Conference Proceedings, Purdue University, 377-385. 
Song, K.H., and Young, J.C. (1986). "Media Design Factors for Fixed-Bed Filters." 
Journal of the Water Pollution Control Federation, 58,2,115-121. 
Soto, M., Mendez, R., and Lema, J.M. (1992). "Characterization and Comparison of 
Biomass from Mesophilic and Thermophilic Fixed Bed Anaerobic Digesters." Water 
Science and Technology, 25, 7,203-212. 
Stams, A.J.M. (1994). "Metabolic Interactions Between Anaerobic Bacteria in 
Methanogenic Environments." Antonie van Leeuwenhoek, 66,271-294. 
Standard Methods for the Examination of Water and Wastewater. (1985). 16th Edition. 
American Public Health Association, Washington, D.C. 
Steinbach, T.L. (1994). Laboratory Studies on the Temperature-Phased Anaerobic 
Sequencing Batch Reactor. Masters thesis. Library, Iowa State University, Ames, 
Iowa soon. 
Sung, S., and Dague, R.R. (1995). "Laboratory Studies on the Anaerobic Sequencing Batch 
Reactor." Water Environment Research, 67, 3, 294-301. 
Tanaka, S., and Matsuo, T. (1986). "Treatment Characteristics of the Two Phase Anaerobic 
Digestion System Using an Upflow Filter." Water Science and Technology, 18, 217-
224. 
Van den Berg, L. (1977). "Effect of Temperature on Growth and Activity of a 
Methanogenic Culture Utilizing Acetate." Canadian Journal of Microbiology, 23, 
898-902. 
VandenBerg, L., andLentz, C.P. (1980). "Comparison Between Up-and Downflow 
Anaerobic Fixed Film Reactors of Varying Surface-To-Volume Ratios for the 
Treatment of Bean Blanching Waste" Proceedings of the 35 th Industrial Waste 
Conference, Piurdue University, 319-325. 
Van Lier, J.B., and et al. (1993). "Effects of Acetate, Propionate, and Butyrate on the 
Thermophilic Anaerobic Degradation of Propionate by Methanogenic Sludge and 
Defined Cultures." Applied and Environmental Microbiology, 59,4, 1003-1011. 
366 
Welper, L.L. (1995). Laboratory Studies on the Temperature-Phased Anaerobic Sequencing 
Batch Reactor at High Loadings. Masters thesis, Library, Iowa State University, 
Ames, Iowa 50011. 
White, D. (1995). The Physiology and Biochemistry ofProkaryotes, Oxford University 
Press, New York, NY. 
Wirtz, R.A., and Dague, R.R. (1993). "Anaerobic Treatment of a Furfural-Production 
Wastewater." Waste Management, 13, 309-315. 
Witt, E.R., Humphrey, W.J., and Roberts, T.E. (1979). "Full-Scale Anaerobic Filter Treats 
High Strength Wastes." Proceedings of the 34th Industrial Waste Conference, 
Purdue University, 229-234. 
Young, J.C., and McCarty, P.L. (1969). "The Anaerobic Filter for Waste Treatment." 
Journal of the Water Pollution Control Federation, 41, 5, R160-R173. 
Zehnder, J.B. (1988). Biology of Anaerobic Microorganisms, John Wiley and Sons, New 
York, NY. 
Zoetemeyer, R.J., van den Heuvel, J.C., and Cohen, A. (1982). "pH Influence on 
Acidogenic Dissimilation of Glucose in an Anaerobic Digester." Water Research, 
16, 303-311. 
Zubay, G. (1993). Biochemistry, 3rd edition, Wm. C. Brown Publisher, Dubuque, lA. 
367 
ACKNOWLEDGEMENTS 
I would like to reserve this space to thank all the people who made this study and 
work possible. First, and most importantly, Kathryn, who did a superb job of proof reading 
this document and supporting me during the many late and long hours of writing. I hope that 
someday I may be able to pay her back. I would also like to thank my major professor 
LaDon Jones for pinch-hitting after the untimely demise of Richard R. Dague. I also 
appreciate the time and effort he put forth to make sure I graduate. 
I thank my conmiittee members, Tim Ellis, Tom Loynachan, James Thomas, LaDon 
Jones, and Say Kee Ong for their support and time. They truly made this study better. I 
would especially like to thank Shihwu Sung and Tim Ellis for listening to me babble from 
day to day and for providing guidance during this long and arduous path. They have become 
much more than professors to me, they have become friends. 
I would be remiss if I did not mention the people who make things possible around 
here at Iowa State University. I give my undying gratitude to the secretarial staff here in the 
Department of Civil and Construction Engineering. I would especially like to thank Georgia 
Parham, Sharon Ferris, and Fern Parrish for their extraordinary efforts in helping me in the 
daily activities of bureaucratic hell. 
I would like to thank the fellow students in our research group for having to put up 
with me in the laboratory. Although I oftentimes yelled I never said how much I respect all 
of them for their dedication to research. 
Lastly, I would like to thank the USD A for funding this project. Obviously, it would 
never have gotten off the ground without their support. 
